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IONIC LIQUID-MEDIATED SOL-GEL SORBENTS FOR CAPILLARY
MICROEXTRACTION AND CHALLENGES IN GLASS MICROFABRICATION
Anne M. Shearrow
ABSTRACT
Three ionic liquids (ILs), trihexyltetradecylphosphonium tetrafluoroborate
(TTPT), N-butyl-4- methylpyridinium tetrafluoroborate (BMPT), and 1- methyl-3octylimidazolium tetrafluoroborate (MOIC), were utilized to prepare sol- gel sorbent
coatings.

Non-polar polydimethylsiloxane (PDMS) and polar poly(ethylene glycol)

(PEG), poly(tetrahydrofuran) (PolyTHF) and bis[(3-methyldimethoxy-silyl)propyl]
polypropylene oxide (BMPO) polymers were employed to develop novel ionic liquidmediated sol- gel hybrid organic- inorganic sorbents. The novel sorbents were first tested
as coatings for capillary microextraction off- line hyphenated to gas chromatography. To
gain an understanding of the role of the ionic liquids in the sol- gel process, the
preconcentration abilities of these novel coatings were investigated for several classes of
compounds utilizing CME-GC. This was accomplished by comparing GC peak areas of a
series of analytes extracted on the ionic liquid mediated sol-gel CME coatings with that
of analogous peak areas obtained on sol- gel coatings prepared without the ionic liquid.
The morphology of these coatings was compared using scanning electron microscopy
(SEM) imaging data. Overall, the ionic liquid- mediated sol- gel coatings had more porous
morphologies than the sol-gel coatings prepared without ionic liquid. The PDMS and
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BMPO sol-gel coatings prepared with ionic liquid in the sol solution provided enhanced
extraction sensitivity reflected in higher preconcentration effects and lower detection
limits than the sol- gel coatings prepared without the ionic liquid. The polar IL- mediated
BMPO sol- gel sorbent was further investigated by exploring the extraction profile and
thermal stability of these coatings. A further application of ionic liquid- mediated sol- gel
sorbents could be as stationary phases in a microchip-based separation system. Towards
this

goal,

microfluidic

channels

microelectromechanical engineering.

were

fabricated

in

glass

substrates

using

Spiral and serpentine channels were etched in

Pyrex and fused silica wafers using wet and deep reactive ion etching (DRIE) techniques.
Microfabrication protocols such as the use of hard mask and etching times were
investigated for both techniques. DRIE produced microfluidic channels that had an etch
quality that was superior to wet etched channels. Thus, the ultimate microchip-based
separation

system

should

by

xxiv

fabricated

using

DRIE.

CHAPTER 1:
SOLID PHASE MICROEXTRACTION AND
CAPILLARY MICROEXTRACTION (CME)
1.1 Solventless preconcentration: SPME and In-tube SPME
Valcárcel defines modern analytical chemistry as:
“…A metrological science that develops, optimizes and applies material,
methodological and strategic tools of widely variable nature (chemical, physical,
mathematical, biochemical, biological, etc.) which materialize in measuring
processes intended to derive quality (bio)chemical information of both a partial
[presence-concentration-structure of bio( chemical) analyte-species] and global
nature on materials or systems of widely variable nature (che mical, bio-chemical
and biological) in space and time in order to solve measuring problems posed by
scientific, technical and social problems” [1].
In general, analytical chemistry involves not only the analysis of diverse material
systems, but also the development of methods, materials, and instrumentation that can
ultimately lead to the determination of the identity and/or the quantity of solutes or
analytes in a sample.

In any given analytical process several steps must occur

sequentially for a successful outcome. These steps include (1) sampling, (2) sample
preparation, (3) separation, (4) detection, and (5) verification with statistics [2].

It is

well known that sampling and sample preparation account for 70-80% of analysis time,
and sample preparation is the most error-prone step of the analytical process [3]. Sample
preparation is necessary in that it prepares analytes for use in delicate instrumentation,
1

isolates or removes target analytes from a complex matrix such as soil or biological
fluids, purifies, and concentrates the analyte(s) [4]. Poor sample preparation can often
spoil the outcomes of an experiment. Good sample preparation can ultimately enable
enhanced sensitivity during detection or sensing methods.
Traditional extraction–based sample preparation methods include liquid-liquid
extraction (LLE) [5], Soxhlet extraction [6], supercritical fluid extraction (SFE) [7],
accelerated solvent extraction (ASE) [8], microwave- assisted solvent extraction (MASE)
[9], and solid phase extractio n (SPE) [10]. In these techniques, target analytes are
extracted from the matrix using solvents which can include an organic solvent or an inert
gas as in dynamic headspace extraction.

Thus, the distribution constant (K) (the

concentration of the analyte in the extracting phase compared to the concentration of
analyte in the sample phase at equilibrium) can be used to determine the extent of an
extraction.

Most of these sample preparation methods are affected by a number of

experimental conditions includ ing temperature, pH, and solvent used.
In liquid- liquid extraction, target analytes are preconcentrated by transferring the
analyte to a solvent that it has a higher affinity for than the liquid sample matrix. The
extracting solvent should not be soluble in the liquid sample matrix. Systems consisting
of water and an organic solvent are often used. LLE experiments are usually carried out
in a separatory funnel. Analytes are transferred from the aqueous sample matrix to the
extracting organic solvent until equilibrium is reached. The distribution constant of the
solute between the organic and the aqueous phases dictate how well an analyte will be
extracted.
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The Soxhlet extraction was introduced in the 19th century by Franz von Soxhlet
[6]. It is useful for separating analytes based on solubility in a solvent. In the past,
Soxhlet extractions were primarily used to analyze lipids and oils in biological matrices
[6]. The apparatus for Soxhlet extractions is shown in figure 1-1. Analytes are extracted
by loading a solid sample into the thimble which is placed in a partially filled inner tube.
Then a flask is filled half way with extracting solvent. A condenser is placed on the top,
and the solvent is refluxed. The condensed solvent drips onto the thimble and dissolves
the target analyte in it. When the chamber is almost full, the solvent and solute flood the
siphon, which send them into the flask.
This process is repeated automatically until extraction is complete. This is useful
for solutes that are not volatile, that are thermally stable and for those that will not
polymerize in hot solvent. Soxhlet extractions have some disadvantages including (1) the
process is long, it can take hours to months to complete and (2) the solvent is often cold
thus limiting the effectiveness of the extraction. To address these issues a Soxtec [12]
extraction can be used which utilizes high pressures causing the solvent to boil. The
thimble is dipped in the boiling solvent for immediate extraction. The thimble is rinsed
to remove all extracted analytes, and the extracted sample is then concentrated.
However, this system is not automatic, and it is not useful for thermally labile species.
Supercritical fluid extraction (SFE) utilizes high pressures and temperatures to
convert a liquid into a supercritical fluid (SCF). The supercritical fluid acts as a solvent
to extract analytes from a matrix. Supercritical fluids have increased densities and thus
have high solubilizing power.

The SCF solvent diffuses into a sample matrix and

extracts analytes out of the matrix into the SCF. Advantages of using SFE for extractions
3

Figure 1-1. Soxhlet extraction apparatus: (1) stirrer bar, (2) still pot, (3) distillation path,
(4) thimble, (5) sample, (6) siphon top, (7) siphon exit, (8) expansion
adapter, (9) condensor, (10) cooling water in, and (11) cooling water out.
Reprinted with permission from [11].
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include high diffusivity, low viscosity, and low surface tension. These properties help the
solvent penetrate into small pores. However, there are some drawbacks to using SFE
including the need to maintain high temperatures and pressures which can result in high
costs, and CO2 is the only truly usable solvent, and it is nonpolar. Polar modifiers such as
methanol or acetonitrile can be added to CO2 , but this requires experimental
determination of the appropriate temperature and pressure to maintain the modified
solvent in supercritical condition.
Accelerated solvent extraction is similar to a Soxhlet extraction that occurs at high
pressure and temperature, but the setup is similar to that for SFE. ASE utilizes small
volumes of organic solvents in rapid extractions (10 -15 minutes).

In ASE high

temperatures and pressures are applied to prevent boiling of the solvent; this enables hot
solvent to be used for extraction. A wide variety of organic solvents can be utilized in
this procedure. However, the extraction is not selective for the target analytes, and it is
hard to remove the solvent after extraction.
Microwave assisted solvent extraction is used to selectively extract analytes
based on the dielectric constant of a material.

In this method, Microwaves affect

molecules by ionic conduction and dipole radiation (realignment of dipoles in an applied
electromagnetic field) [9].

Heating of a solution occurs when resistance to ionic

condition occurs. Polar molecules and ionic solutions strongly absorb microwave energy
due to their permanent dipole moment. Thus, molecules or solvents can be selectively
heated. This is helpful for the extraction of thermally labile analytes. For example, if a
thermally labile microwave absorbing analyte is being extracted, a nonpolar solvent such
as hexane with low dielectric constants (and ha ve low microwave absorbing capacity) can
5

be used. Upon heating of the sample, the analyte will be transferred to the cool hexane
solution.

Extraction times can range from 40 sec to 30 minutes.

However, longer

extraction times may degrade some samples.
Solid phase extraction is a widely used sample preparation technique. In this
method, a cartridge that has a solid sorbent bed is used to selectively extract target
analytes from liquid samples (figure 1-2).

The most common sorbent for SPE is C18

bonded particles also known as octadecyl bonded silica or ODS. SPE is a popular
technique because ODS is also a widely used HPLC stationary phase. After analytes sorb
onto the ODS particles and the sorbent is washed with a solvent inert to the analytes, the
analytes are eluted using solvent that the analyte has a high affinity for.

Specimen
reservoir
Polypropylene

Polyethylene
fritted disk

Sorbent bed

Luer tip

Figure 1-2. Schematic of a Solid-Phase Extraction Cartridge
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1.2 Microextraction
Most traditional sample preparation techniques require the use of copious
volumes of toxic organic solvents, and they require multiple steps that are error prone and
may result in the loss of analytes [4]. Ideally, a sample preparation technique should be
solvent- free, easy to use, cheap, efficient, selective, and easy to integrate with downstream analysis [4]. Microextraction is a preconcentration technique that is defined by
the small volume of extracting phase relative to the sample volume [3]. Microextraction
techniques virtually eliminate the use of organic solvent and enable sample extraction and
preconcentration in a single step [13]. These sample preparation methods are “greener” in
that they use little to no solvent; more portable; easier to use; faster; they allow for in situ
sampling; have high sensitivity; are non-exhaustive, equilibrium techniques (little sample
volume is needed); easy to automate with instrumentation; and more cost-effective than
other types of sample preparation [3]. Microextraction techniques include suspended
particle

microextraction,

membrane/disk

microextraction,

microextraction [14], and stir bar sorptive extraction (SBSE) [15].

vessel

wall-based

The most common

microextraction techniques include solid phase microextraction (SPME) [13] and in-tube
SPME [16] also known as CME [17].
1.2.1 SPME
SPME was first developed by Belardi and Pawliszyn in 1989 [13]. It was
“developed to address the need [for] rapid sample preparation in [various settings]” [14].
Initially, optical fibers were used [13], and later coated silica fibers were incorporated
into a microsyringe [18]. The first commercially available SPME device was introduced
by Supelco [14]. An SPME device is schematically shown in figure 1-3. The device
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consists of a 1.5 cm piece of fused silica rod that has about 0.5 cm long sorbent coating
on the end. The fiber is attached to a retractable plunger. When not is use, the fiber is
encased in a stainless steel sheath that protects the fiber from mechanical damage such as
scratching and fiber breakage. This steel casing also protects preconcentrated analytes if
the device must be transported prior to analysis.
Sampling via microextraction occurs by two steps. First, analytes are extracted
onto the coating from the sample matrix. In SPME, this can be accomplished by direct
immersion, headspace (HS), or membrane protected SPME modes (figure 1-4). Second,
concentrated analytes are desorbed and delivered into analytical instrumentation.

Figure 1-3. SPME device adapted for GC Applications Designed by Supelco [4].
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SPME is suitable for hyphenation to various analytical techniques: GC [19],
high-performance

liquid

chromatography

(HPLC)

[4,

20],

supercritical

fluid

chromatography (SFC) [21], capillary electrophoresis (CE) [22, 23], mass spectrometry
(MS) [24], and inductively coupled plasma mass spectrometry (ICP-MS) [25]. SPME is
well suited for field analysis [3]. Desorption of analytes occurs thermally when used for
GC analysis. The analytes are desorbed from the fiber in the GC injection port, and the
analytes are swept onto the column by the carrier gas for separation. In the case of LC,
CE, or CEC, solvent (usually the mobile phase) is used to desorb the analytes. The
analyte are then transferred onto the separation column using a sampling loop or direct
injection. Microextraction has been used to preconcentrate samples for a variety of
applications including environmental, food, clinical, and forensic analyses [3].

A
Coating

B
Sample

C
Membrane

Figure 1-4. Modes of SPME operation: (A) headspace SPME, (B) direct extraction, and
(C) membrane-protected SPME. Adapted from [2].
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1.2.2 CME
The first appearance of in- tube SPME was in the late 1990’s [16, 26-27].

Like

fiber-based SPME, in-tube SPME or CME [17] is a non-exhaustive, equilibrium process.
However, unlike SPME, the sorbent coating is located inside of a fused silica tubing that
has a protective outer polyimide layer (figure 1-3). In contrast to SPME, analytes are
directly extracted onto the coating from a sample while passing through the tubing [16].
CME was originally developed to overcome difficulties that SPME-GC had with weakly
volatile or thermally labile analytes [28] as CME could be easily coupled with HPLC.
CME also offers some other advantages over SPME. SPME fibers often have limited
sample capacities since only 0.5 cm is covered with the sorptive coating. Higher sample
capacities can be obtained with CME because the coating is contained within a longer
tube (usually 10 cm or longer depending on the analysis technique), and open tubular
wall coatings or monoliths can be used as the extracting phase. SPME devices also have
issues with mechanical stability; the fiber can break, the coating can be scratched, and the
needle can bend [29-31]. CME devices allow for superior mechanical stability because
flexible capillaries that have protective outer polyimide coatings are utilized, and the
sorbent coatings are protected inside the tubing (figure 1-5).
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Sorbent
Coating

Fused Silica

SPME
In-Tube SPME
Figure 1-5. An SPME fiber with outer sorptive coating and an in-tube SPME device with
an inner sorptive open-tubular wall coating.
1.3 Theory of SPME
The working principles of fiber SPME and in-tube SPME have been detailed
greatly by Pawlisyn and co-workers [2, 3]. Microextraction utilizes an extracting phase
or sorbent coating to preconcentrate or extract analytes from a sample. Extraction is
complete when a “distribution equilibrium between the sample matrix and the extracting
phase is reached” [2]. Conditions to reach a completed extraction can be described by the
following equation:

n=

KfsVf VsC0
KfsVf + Vs
(1-1)

where,
n = the extracted amount (mol),
Kfs = the distribution constant of the solute between the fiber coating and the sample,
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Vf = the fiber coating volume (L),
Vs = the sample volume (L),
C0 = the initial concentration of the analyte in the sample (M).
This equation indicates that the extracted amount is directly proportional to the sample
concentration. Since microextraction is an equilibrium technique, not all of the analyte
needs to be extracted (i.e. it is non-exhaustive). However, complete extraction can be
accomplished if a small sample volume is used and the distribution constant, Kfs, is high.
According to Pawliszyn, this is a particular advantage of the SPME technique since it is
difficult to work with small sample volumes using traditional sample preparation
techniques [2].
SPME is useful for field analysis because when the sample volume is large (K fsVf
<< Vs) n becomes independent of the sample volume and equation 1-1 takes the form:

n = KfsVf C0
(1-2)
This indicates that the extracted amount (n) is directly proportional to the initial
concentration of the analyte in the sample (C 0 ). SPME and in-tube SPME are suitable for
field analysis because no pre-defined volume of sample must be collected [3]. Samp les
can be directly gathered from field matrices which help to avoid errors with transporting
samples, and it also speeds up the whole analytical process.
In the case of in-tube SPME, extractions can occur by a dynamic or a static
process. In dynamic in- tube SPME, sample is passed through a piece of sorbent-coated
fused silica tubing (such as a piece of GC column) that contains the extracting phase or
the sorbent. The sorbent can be in the form of an open-tubular wall coating, a particle12

packed bed, or a porous monolith. The analyte front migrates through the capillary at a
speed that is proportional to the linear velocity of the sample matrix which is inversely
proportional to the analyte distribution constant [2]. The minimum extraction times for
short capillaries is similar to the time required for the center of the analyte migration
band to reach the end of the capillary [2]. This can be described by the following
equation [2]:

L (1 + Kfs(Vf/Vv))
te =
u

(1-3)

Where,
te = the extraction time (i.e. time required to reach equilibrium),
L = the length of the capillary,
Kfs = the distribution constant between the extracting phase and the sample matrix,
Vf = the volume of the extracting phase,
Vv = the volume of the tubing containing the extracting phase,
u = the linear velocity of the fluid.
Thus, extraction time is directly proportional to the length of the capillary, and it is
inversely proportional to the linear velocity of the fluid [2].
During static extractions the sample is not passed through the capillary but it is
kept inside the capillary for a predetermined length of time. Analytes are extracted from
the sample matrix onto the sorbent via a diffusion process. This type of sampling is
popular in field analysis.
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In microextraction high extraction efficiency and sensitivity is achieved when the
analyte and the coating have a strong affinity for each other (a high distribution
constants). Optimal extraction also depends on temperature, sample pH, matrix effects,
derivatization of target analytes, and on the sorbent coating itself.
1.4 Sorbent coatings for Fiber SPME and CME
Sorbent coatings can be high- viscosity liquids or solid coatings [32]. In the case, of
liquid coatings, analytes are extracted via absorption of the analyte into the bulk of the
liquid. However, analytes are extracted via adsorption (analytes stay on the surface of the
coating) when solid coatings are used. Malik and co-workers [17] introduced the term
“capillary microextraction” as an alternative to in-tube SPME. In that work it was
expressed that “capillary microextraction provides a better reflection of the techniques
compared with ‘in-tube solid phase microextraction’ since the technique it relates to is
not necessarily limited to the use of only ‘solids phases’ as the extraction media” [17].
Both liquid and solid (which includes composite coatings) coatings are commercially
available. A few of the commercially available coatings include polyd imethylsiloxane
(PDMS),

poly(acrylate)

(PA),

Carboxen

(CAR)

PDMS/polydivinylbenzene

(PDMS/DVB), Carbowax/DVB (CW/DVB), and carbowax/template resin (CW/TR).
Liquid coatings such as PDMS and PA may be non, partially, or fully cross- linked
[3]. Coatings that are non or partially cross- linked often have lower thermal stability than
fully cross- linked coatings; thus, analytes may not be fully desorbed and carry-over
problems can occur. Non or partially cross- linked coatings are sometimes incompatible
with solvents and may not be suitable for analysis techniques that require desorption of
analytes by solvent (e.g. HPLC or CE). Composite coatings consist of a liquid phase and
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a particulate matter that is embedded into a partially cross- linked liquid phase. In these
coatings, the liquid portion is named first and the particulate portion is named second [3].
Composite coatings such as PDMS/DVB, CW/DVB, CW/TR and solid coatings may be
partially or fully cross- linked and, thus, have higher thermal and solvent stabilities in
comparison to liquid coatings.
The choice of which coating to use for an extraction depends upon a number of
factors including the nature of the target analyte, sample matrix, and analysis method.
The properties of the coating dictate the selection of a coating use for a particular analyte
(figure 1-6). Coatings that have high selectivity towards the analyte should be used; this
will ensure good sensitivity of the extraction. In general, non-polar coatings used for the
extraction of non-polar analytes, polar coatings for polar analytes. In the case of polar
analytes it is of particular importance to select a analyte that has a stronger affinity for the
coating than water does [4].

Selectivity of a coating is dictated by the organic or

inorganic components in a coating, polarity, and the Kfs. While a handful of coatings are
commercially available, these may not be ideal for certain situations or analytes. For
example, analytes may be too polar or high temperatures may be required for complete
desorption of analytes in GC hyphenated analysis. Thus much research effort has been
focused on “custom coatings” (as will be explained below) that are more selective,
efficient, and robust than their commercial counterparts.
1.4.1 Custom Coatings
Custom coatings take aim at overcoming the limitations of traditional commercial
coatings. For example, Nafion perfluorinated resin has been used as an SPME coating by
Pawliszyn and co-workers [33].

Nafion coatings were developed to extract polar
15

compounds from nonpolar matrices. Other specialized coatings include liquid crystalline
films [34], bonded phase silica [35], mesoporous silica [36], PVC [30], polyamine [38,
39], cellulose acetate on a silver wire [40], polyacrylonitrile [41], silicone glue [42], poly
PDMS
7 µm

PDMS
30 µm

PDMS
100 µm
CAR/PDMS
75 µm

Low
DVB/CAR/PDMS
50/30 µ m
PA
85 µm

Pola
-rity

PDMS/DVB
65 µm

CW/DVB
65 µm

High
CW/TR
50 µm

Coating
Properties
Bonded

Weak

Retention

Non-bonded

Strong

Partially cross-linked

Fully cross-linked

Figure 1-6. Properties of commercially available coatings; adapted from [27].

(phthalazine ether sulfone ketone) [43], dibenzo-18-crown-6 [44], methacrylic acid
trimethylolpropanetrimethacrylate [45], ionic liquids [46-48] and poly(methacrylic acidethylene glycol dimethacrylate) monolith for in- tube SPME-HPLC [49].

In the

following sections popular types of custom coatings will be described including
conducting polymers, carbon-based, metal-based, MIP, and RAM microextraction
coatings.
1.4.2 Conducting Polymers
Conducting polymers are useful for molecular recognition because (a) they can
include counter ions for selective interactions; (b) they have multifuctionality and
properties such as hydrophobic interactions, p-p interactions, and ion-exchange capacity;
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(c) they can introduce functional groups to monomers; and (d) codeposition of metals or
other monomers can occur with the polymer [50]. These polymers have been utilized as
SPME coatings. In most cases, these polymers are electrochemically deposited onto
metal wires, thus, they are not prone to fiber breakage like some SPME devices that rely
on fused silica. The three main types of conducting polymers used for SPME include
those based on polypyrrole, polythiophene, and polyaniline [50] (figure 1-7).
The first report of the use of a conducting polymer for an SPME coating was by
Pawliszyn and co-workers [50, 51].

In these works polypyrrole and poly-N-

phenylpyrrole were coated into metal wires [51] by an ele ctrochemical method or onto
the inner surface of a short piece (60 cm × 250 µm i.d.) of GC capillary by chemical
vapor deposition [50].

In the later work, the coatings were used for in-tube SPME

coupled with LC-electrospray ionization mass spectrometry to analyze β-blockers in
urine and serum [50]. The polypyrrole coating provided lower detection limits for the βblockers than commercial Omegawax 250 coatings. The coating also allowed for easy
desorption of the analytes in the mobile phase flow without carryover problems.
Pawliszyn and co-workers have also used polypyrrole-base coatings for SPME coupled to
ion chromatography [52] and for in-tube SPME analysis of organoarsenic compounds
[53], stimulants [54], and aromatic compounds [55]. Polypyrrole-based coatings have
also been used for PAHs [56, 57], ochratoxin A [58], phenolic compounds [59],
pesticides [60], and methamphetamines in human serum [61].
Polyaniline (PANI) has been used as a sorbent coating for SPME fibers [62]. As
with other conducting polymers, electropolymerization methods were used to prepare the
coatings on metal wires. PANI SPME coatings have been utilized for aromatic amines
17

Polypyrrole

Polythiophene

Polyaniline

Figure 1-7. Popular conducting polymers used for SPME coatings.
[62]; aliphatic alcohols [63]; phenols [64, 65]; anatoxin-a in culture media of
cyanobacteria [66]; bisphenol A, 4-n-nonylphenol, and 4-tert-phenol [62]; phthalates
[67]; PAHs [68]; organochlorine pesticides [69]; and substituted benzenes [70, 71].
In some cases, conducting polymer sorbents have been used for electrochemically
controlled SPME [72] extraction and desorption of ionic analytes [73, 74]. According to
Pawliszyn et al., the electroactivity and reversible redox properties of conductive
polymers allows for electrochemical switching accompanied by the movement of
counterions in and out of the polymer film for charge balance [72]. Analytes can be
extracted into coatings during oxidation and released or desorbed during reduction.
1.4.3 Carbon-Based Sorbents
It is well known that carbon is a good sorbent for vo latile organic compounds.
Activated carbon-based materials have been used as sorbents for SPME. Mangani et al.
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utilized graphitized carbon black as an SPME coating [75]. The fiber was used to extract
organic pollutants followed by GC or GC-MS analysis. Djozan et al. utilized activated
powdered charcoal as an SPME coating [76].

They analyzed benzene, toluene,

ethylbenzene, and xylene derivatives [BTEX].

Detection limits for each BTEX

compound was 1.5-2 pg/mL. Djozan et al. also used pencil lead as an SPME fiber [77].
They extracted PAHs from aqueous samples and analyzed them by SPME-GC. As
RSD% value for naphthalene was 5.3%. The fiber was stable to high temperature. Burk
et al. utilized polycrystalline carbon (pencil lead and glassy carbon) to try and improve
the selectivity of carbon [78]. They extracted nonionic surfactants and found that the
fibers provided results similar to PDMS/DVB and CW/TR fibers. Zeng and co-workers
developed ceramic/carbon composite coated stainless steel SPME wires to extract
organophosphorous pesticides in water [79].
Recently, carbon nanotubes (CNTs) have been utilized as sorbents for SPME.
Wang and co-workers utilized multiwalled CNT coated SPME fibers to extract and
analyze polybrominated diphenyl ethers in water and milk samples [80] (figure 1-8). Lu
and co-workers [81] used single-walled CNTs as a sorbent on a stainless steel SPME
fiber. The fiber was used to analyze pesticides in water. CNTs were used as an SPME
coating by incorporating them into a groove of a stainless steel rod [82]. The fiber was
thermally stable up to 280°C, and it was used to extract aromatic hydrocarbons. Li et al.
developed platinum SPME fibers coated with single walled CNTs via electrophoretic
deposition [83]. The CNT coated SPME fibers were used in direct immersion SPME to
extract phenols followed by HPLC-UV. The authors found that the CNT coated fiber
provided performance comparable with a PA fiber.
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1.4.4 Metal-Based
While many sorbent coatings used for microextraction utilize organic moieties for
extraction, some have utilized inorganic materials to serve as coatings. Djozan and coworkers developed methods to prepare anodized CuCl2 coating on copper wires [84],
aluminum wires [85], zinc wires [86], and copper sulfide wires [87] for use in SPME.
Farajzadeh and co-workers [88] utilized electrochemical means to prepare coatings of
copper (I) chloride, copper (I) oxide, and copper (I) sulfide on copper wires. The SPME
fibers were used to extract amines.

Farajzadeh [89] and co-workers also developed

alumina-based coatings by using a mixture of alumina powder and PVC on a silver wire.
The SPME fiber was used to extract alcohols as alumina has an affinity for hydroxyl
groups. Alumina coated on fused silica has been used to extract vo latile organic
compounds [90]. Fiberglass [91] and glass-ceramic rods [92] were coated with Nb2 O5

Figure 1-8. SEM image of multiwalled CNT coating on fiber surface (200 x). Reprinted
from [80].
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and were used to extract alcohols and/or phenols by HS-SPME. Mehdinia et al. [93]
coated platinum wires with nanostructured PbO2 using electrochemical means. The fibers
were used to extract BTEX compounds by HS-SPME-GC. Limits of detection were less
than 0.12 µg/L. Budziak and co-workers [94] electrodeposited ZrO 2 onto NiTi wires.
The SPME wires were used to extract halophenols from water. The authors state that the
ZrO2 -NiTi wires provided efficiency similar to commercial PDMS fibers with
thicknesses of 7 µm. Cao and co-workers developed titania SPME fibers by oxidizing
titanium wire with hydrogen peroxide [95]. A nanostructured coating with a thickness of
1.2 µm and pore 100-200 nm in size resulted. The SPME fibers were used for HSSPME-GC to analyze DDT and its degradation products.

Bai et al. [96] developed

zirconium phosphate coated capillary tubes that were used to extract Cr(III) from natural
water.
1.4.5 SPME Coatings Based on Molecularly Imprinted Polymers (MIP)
Molecularly imprinted polymers have been used as selective coatings for
microextraction. An MIP-based SPME sorbent was reported by Mullett and co-workers
in 2001 [97]. In this work, an MIP coating that was imprinted for propranolol was
developed for in-tube SPME. The coating was used to extract propranolol and some βblockers from spiked serum samples.

Samples were analyzed on- line using in-tube

SPME-HPLC-UV. Detection limits of 0.32 µg/mL and an RSD value of less than 5%
were obtained.
An MIP-baased SPME fiber was developed by Koster and co-workers [98]. The
fiber was imprinted for Clenbuterol by in situ synthesis via silinization of the silica
SPME fiber. The fiber was use to extract brombuterol from spiked human urine samples.
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Li and co-workers [99, 100] have developed several MIP SMPE fibers coupled
with HPLC analysis. Prometryn imprinted fibers were used to analyze tirazines in spiked
soybean, corn, lettuce, and soil samples [99]. The imprinted fiber provided an extraction
yield that was 10 time higher than the non- imprinted fiber. Limits of detection ranged
from 0.012 to 0.090 µg/L.

MIP-SPME fibers were also prepared by multiple co-

polymerization method using tetracycline as the template [100]. The fiber had a porous,
cross- liked surface.

The fiber was used to extract tetracycline, oxytetracycline,

doxycycline, and chlortetracycline from spiked chicken feed, chicken muscle, and milk
samples. Li and co-workers [101] also used MIP-SPME fibers to analyze beta-blockers
in urine and plasma samples.
1.4.6 SPME Coatings Based on Restricted Access Materials (RAM)
RAMs have been used to develop SPME coatings. Pawliszyn and co-workers
develop RAM-SPME fibers to analyze 3 H-diazepam in biological fluids [102] (figure 19). The SPME fiber was interfaced to HPLC, and the desorbed analytes were introduced
onto the HPLC column using a 6-port injection valve. Pawliszyn and co-workers [103]
were also the first developed RAM coatings for in-tube SPME coupled to HPLC to
analyze benzodiazepines in human serum samples. The RAM coating was prepared
using alkyl-diol-silica (ADS). This allowed for direct extraction of analytes from serum;
the proteins were excluded by the RAM and the analytes were trapped on the
hydrophobic interior.

No ultrafiltration or deproteinization steps were required thus

simplifying sample preparation. Limits of detection ranged from 22 to 29 ng/mL for the
benzodiazepines.

A RAM-ADS SPME fiber was used to extract diazepam and its

metabolites from heparinized blood samples [104]. The fiber was coupled to LC-MS.
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The device had an RSD value of 10% over ten injections and diction limits ranged from
20-35 ng/mL.
Pawliszyn and co-workers also coupled RAM-SPME fibers to electrospray-MS
[105]. The RAM was immobilized on steel and platinum wires. In some cases, trypsin
was immobilized on the wires and inside the sample vial to digest proteins. The RAMSPME device and the protein solution were incubated together. The peptides were then
analyzed by SPME/nanospray. Up to eight peptides could be identified.

Figure 1-9. Scanning electron micrographs of bare silica fiber (A), RAM-SPME fiber
coating (B), and schematic representation of RAM particle (C). Reprinted
from [102].
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Jarmalaviciene and co-workers developed a biocompatible monolithic RAM beds
as an SPME capillary insert [106]. The device was used to exclude proteins from bovine
plasma while extracting the active components of caffeine.
While a myriad of commercial and custom coatings are available, most traditional
polymer-based sorbents have the following drawbacks: (1) they are possess poor solvent
stablility, (2) they are thermally labile, and (3) they provide limited sample capacity.
These drawbacks are mainly due to the fact that the sorbents are not permanently attached
to the SPME or in-tube SMPE supports.

One obvious way to overcome this poor

immobilization is to utilize a technique that can chemically and permanently anchor a
sorbent to the microextraction support. Sol-gel coating technology was developed for
this very purpose [17, 107]. Chemically anchored sol- gel sorbents can survive harsh
conditions such as organic solvents and high temperatures. The sol- gel approach offers
outstanding

opportunities

to

develop

robust,

sensitive,

sorbent

coatings

microextraction that can be utilized for a wide variety of analytes.
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CHAPTER 2:
SOL-GEL SORBENTS FOR MICROEXTRACTION

2.1 Sol-Gel Chemistry: History, Reactions, and Sol-Gel Design
2.1.1 Historical Synopsis
A colloidal suspension of finely divided particles (sol) is formed through
hydrolytic polycondensation reactions of sol-gel precursors such as inorganic salts or
alkoxides of certain elements. Further progression of polycondensation reactions in the
sol solution results in a liquid- filled 3D network structure called: a gel. Sol-gels can be
developed under a variety of experimental conditions which can result in final products
such as dense films, xerogels, aerogels, or ceramics (figure 2-1).

Modern sol- gel

processing has a history that begins in the 1800s. The first metal alkoxide was prepared
by Ebelmen in 1845 from alcohol and SiCl4 [1].
It wasn’t until the 1930’s that oxide films were prepared from metal alkoxides
which was developed by Geffecken and the Schott glass company [2]. During the 1930’s
Kistler utilized supercritical drying to produce aerogels [3]. Homogenous powders for
ceramics were developed by Roy in the 1950s [4]. In the 1960s and 1970s Levene and
Thomas [5] as well as Dislich [6] prepared multicomponent glass through control of
hydrolysis and condensation.

Yoldas [7] and Yamane et al. [8] developed sol- gel

monoliths without cracks through controlled drying. It was demonstrated that drying
control chemical additives (DCCA) could be used to produce monoliths without cracks
[10]. In 1985, Schmidt prepared non-crystalline solid inorganic-organic hybrid sol- gels
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Figure 2-1. Overview of the sol- gel process [9].

[11]. Cortes et al. utilized a sol- gel monolith for a liquid chromatography column in
1987 [12].

Guo and Colon prepared open tubular wall coated sol- gel columns for

capillary electrochromatography in 1995 [13]. The first use of sol- gel stationary phases
in gas chromatography columns was in 1997 by Malik and co-workers [14]. Malik and
co-workers also developed sol- gel sorbents for SPME fibers in 1997 [15] and for in-tube
SPME in 2002 [16]. Sol- gel stationary phases CEC [17], HPLC [18], and GC [19] have
been reviewed elsewhere.
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2.1.2 Advantages of Sol-Gel
Sol- gel has been used in a variety of fields including, chemistry, biology,
engineering, optics, physics, and materials science. Key advantages of sol- gel materials
allow for its use in multiple disciplines. Mackenzie initially outlined some now well
known advantages of sol-gel processing over traditional glass preparation methods (Table
2-1) [20]. Sol- gel materials can be prepared in different formats such as monoliths, thin
films, particles, and powders. Porosity and surface characteristics of sol- gels can be
easily controlled. Sol- gel technology allows for novel materials to be developed that can
be applied to specific needs. This so-called “tunability” is possible due to the wide range
of sol-gel precursor and sol-gel active organic ligands and polymers that are available.
Since the process happens under mild conditions, sol- gels can be modified or
functionalized with organic components and/or thermally liable materials like enzymes
[21].
Sol- gels with organic moieties or hybrid organic- inorganic materials have been
utilized in the fields of sample preparation [15, 16] and separations science [17-19]. The
organic components of the sol- gel network participate in chromatographic separation and
sample preconcentration by providing moieties that can interact with, and have high
affinities for, target analytes.
Sol- gel technology is well suited for preparing such coatings and stationary
phases because they can be tailored to specific analytes by utilizing precursors and
polymers with desired properties. As mentioned, organic components can be effectively
incorporated into inorganic structures under extremely mild thermal conditions (room
temperature) [22]. Sol-gel coatings can be immobilized to substrates suc h as glass, fused
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silica, or quartz via covalent bonds with a substrate’s surface silanol groups [23, 24].
This is particularly advantageous since covalently attached sol- gel coatings and stationary
phases possess superior thermal and solvent stability compared with traditional unbonded
materials [14].
Table 2-1. Some advantages of the sol- gel process. Adapted from [20].

Sol-gel Processing Advantages
•
•
•
•
•
•

Better material homogeneity and purity- from raw
materials
Low temperature preparation
New non-crystalline solids outside the range of normal
glass formation
New crystalline phases from new non-crystalline solids
Better glass products from special properties of gel
Special products

2.1.3 Sol-gel Synthesis

Careful design of a sol-gel is required in order to obtain a coating or stationary
phase with the desired characteristics and properties. Thus an understanding of reactions
involved in the sol- gel process is essential. The main reactions involved include
hydrolysis (Scheme 2-1(I)) and polycondensation (Scheme 2-1(II)) [21]. Reactions,
overall structure, and properties of the final product are affected by experimental
conditions and components in a sol- gel system. Typical components that affect a sol- gel
system include (1) water, (2) catalysts, (3) precursors, (4) solvents, and (5) other
additives (e.g. organic molecules) [25].

33

2.1.3.1 Catalyst and Water
Catalysts are used to speed- up sol-gel reactions. The amount of water and catalyst can
dictate if hydrolysis reactions will go to completion.

Hydrolysis and condensation

reactions occur simultaneously. Condensation reactions can occur by the loss of water or
alcohol. A sol-gel can have a linear or branched structure, and this generally depends on
the extent of hydrolysis (i.e. if hydrolysis was full or partial) [21]. This maybe a function
of acid concentration and other experimental variables [25].

I. Hydrolysis of Sol-gel Precursors
M(OR)n + H 2O

Catalyst
Solvent

(RO) n-1MOH + ROH

II. Condensation of Hydrolyzed Products
Catalyst
2 (RO) n-1MOH

Solvent

(RO) n-1M-O-M(OR)n-2OH + ROH or H 2O

M = Si, Al, Zr, Ge, or Ti; R = alkyl group

Scheme 2-1. Hydrolysis and polycondensation sol- gel reactions.

Some common catalysts include the following: (a) acids (mineral acids and
organic acids), (b) bases (amines, ammonia, hydroxide ions), (c) UV light (radical
initiator), and (d) fluorides (hydrofluoric acid [21], alkaline metal florides, ammonium
fluorides, and fluoride ions [26]). An acid or a base can be used to catalyze hydrolysis
and/or condensation reactions (Scheme 2-2 A-D). Acid catalyzed hydrolysis is fast and
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occurs by an electrophilic attack by the hydronium ion (H3 O+) on the Si-O bond (Scheme
2-2A) [27]. This is fo llowed by a nucleophilic attack of water on the Si atom. Reactivity
decreases as the alkoxy groups are replaced by hydroxyl groups. A low degree of crosslinking and micropores may result in these gels since hydrolysis is favored over
condensation. Acid catalyzed condensation reactions occur by a nucleophilic substitution
(Scheme 2-2B). Base catalyzed hydrolysis is slow and proceeds by a nucleophilic
substitution (Scheme 2-2C).
hydroxyl groups.

Reactivity increases as alkoxy groups are replaced by

These gels are often highly cross- linked and mesoporous because

condensation is favored. Base catalyzed condensation occurs by attack of a nucleophilic
deprotonated silanol on a neutral silicate species [21] (Scheme 2-2D). The ratio of
silicon atoms to water can also dictate structure. For example, under acid-catalyzed
hydrolysis conditions low Si:H2 O ratio leads to weakly branched materials, whereas,
large Si:H2 O ratios with base-catalyzed hydrolysis will lead to highly condensed
particulate materials.
One of the most commonly used catalysts for sol- gel sorbents or stationary phases
is trifluoroacetic acid (TFA). TFA is an organic acid, and it has a pKa value of 0.3.
Carboxylic acids with pKa values of less than 4 enable higher reaction rates than some
strong inorganic acids or organic acids [28]. Enhanced sol- gel reaction speeds allow for
faster GC column [14], SPME [15], or in-tube SPME [16] coating fabrication. TFA is
also an excellent solvent, and it can provide a source of water for sol- gel reactions (e.g.,
TFA containing 5% water is typically used in sol- gel reactions).
Sol- gel precursors include metal/metalloid salts and alkoxides [21, 29]. Alkoxides are
commonly used to prepare sol- gel sorbent coatings for microextraction. Alkoxides of
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(A) Acid Catalyzed Hydrolysis:
OR

RO

RO

RO

H+
H2O

Si OR
RO

H+
O R

Si
RO

OR
RO
RO

O H

Si + HOR + H+
OH

H

(B) Acid Catalyzed Condensation:
R-Si(OH)3

+

H+

R-Si(OH) 2
OH 2+

R-Si(OH)2

+

R-Si(OH)3

R-Si(OH) 2-O-Si(OH) 2R +

H 3O+

OH 2+

(C) Base Catalyzed Hydrolysis:
RO
RO
HO- +

RO
Si OR

OR

δ−
δ−
HO Si OR

RO

HO

OR
OR
Si
+ RO OR

OR

(D) Base Catalyzed Condensation:
R-Si(OH)3 + OH

R-Si(OH)2O- + H2O

R-Si(OH)2O- + RSi(OH)3

R-Si(OH)2-O-Si(OH)2R + OH-

Scheme 2-2. Hydrolysis and Condensation mechanisms: (A) acid catalyzed hydrolysis,
(B) acid catalyzed condensation, (C) base catalyzed hydrolysis, and (D)
base catalyzed condensation. Adapted from [21].
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Ti [30], Zr [31], Al [32], Ge [33], and Si [21] are commonly used. Silicon
alkoxides are generally used because their chemistry is well known, the Si- O bond is
stable, and they are widely available. However, other metal alkoxides have been used to
produce sol- gel materials because these precursors can help create sol- gels that have
advantages over their silica-based counterparts. Some of these advantages include
superior pH, chemical, and thermal stability [21].
2.1.3.2 Precursors
The rate of hydrolysis can be controlled by careful selection of the precursor.
Common sol- gel precursors have tetra-alkoxy substitution. Length of the alkyl chain of
the alkoxy moiety plays a role in the rate of hydrolysis. Longer alkyl chains slow both
hydrolysis and condensation reactions due to electronic and steric influence [21]. Also,
alkoxides that are substituted with alkyl or aryl groups can slow down hydrolysis rates
due to steric hindrance. Alkyl or aryl substituted precursors can also introduce flexibility
into the sol- gel by producing more open networks [34]. In some cases (such as the
preparation of a monolith) flexibility of a sol- gel material is desirable in order to avoid
cracking during the drying step.

The mechanism and rate of sol- gel reactions are

dependent upon the coordination number and the partial positive charge of the sol- gel
precursor’s metal atom [29]. If the metal has a high charge density then hydrolysis will
be fast such as when using transition metal alkoxides.
2.1.3.3 Solvents
Solvents play a vital role in maintaining system homogeneity during initial sol- gel
reactions. The nature of the system ultimately dictates the choice of solvent that is
utilized. In systems with intermediate polarity mixed solvent systems may be required.
The choice of solvent can also play a role is affecting the rate of sol- gel reactions. For
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example, when using a precursor such as tetramethoxysilane, one of the products of
hydrolysis is methanol. Therefore, if methanol or an alcohol is used as a solvent this may
promote esterification and/or favor the reactants (the reverse reaction) slowing the rate of
hydrolysis [21].
Transition metal alkoxides are known to undergo hydrolysis reactions very
quickly due to increased charge density on the metal [29]. Solvents are inert in sol- gel
reactions, but they can be used to control reaction kinetics. For example, a nonpolar,
aprotic solvent can form an oligomer with a transition metal sol- gel precursor via alkoxy
bridges through a nucleophilic addition (figure 2-2) [21]. These oligomers are more
stable towards hydrolysis.

If a polar, protic solvent is used rapid hydrolysis and

precipitations might occur due to alcohol association [21].
OR
2M

OR

M

M
OR

Figure 2-2. Example of alkoxy bridging. Reprinted with permission [21].

2.1.3.4 Additives
Many additives can be included in a sol- gel system for various reasons. For
example, when preparing sol- gel monoliths, drying control chemical additives such as
N,N-dimethylformamide [35, 36] or glycerol [37] maybe added to prevent cracking
during drying steps. Chelating reagents such as acetic acid or trifluoroacetic acid may be
added to stabilize transition metal precursors to slow hydrolysis [22]. In the case of solgel sorbents or stationary phases, the incorporation of organic moieties into the sol- gel
system is necessary in order for the system to interact with the analyte. Such hybrid
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organic- inorganic systems can be prepared by adding polymers, monomers, or any other
organic material that can be immobilized into the 3D network of the sol- gel.
In the case of sol- gel coatings and stationary phases, deactivating reagents are
often added to the sol solution. The deactivating reagents may be needed in order to
avoid tailing peaks and problems with reproducibility caused by residual silanol groups
on the surface of the substrate [14]. Polymethylhydrosiloxane or hexamethyldisilazane
are common deactivating reagent. These compounds have reactive hydrogen atoms that
can derivatize surface silanol groups at elevated temperatures [38].

Since these

compounds can be added to the sol solution no extra deactivation steps are required after
preparation of the coating or stationary phase [14].
Due to the wide range of materials available for synthesis, the compositions and
applications of sol- gel coatings is virtually limitless. In the coming sections, sol- gel
coatings that have been utilized for microextraction techniques and the preparation of
such coatings will be discussed.
2.2 Preparation of Sol-Gel Sorbent Coated Microextraction Devices
2.2.1 Sol-gel coated SPME fibers
The first sol- gel coated SPME fiber was developed by Malik and co-workers [15].
Fused silica fibers or rods are often used in SPME devices. Silanol groups present on the
surface of the fused silica fiber serve as binding sites for sol- gel sorbents. Fibers are
prepared for sol- gel coating, by removing any coatings such as protective polyimide,
present on the surface of an end-segment of the fiber by burning in a flame or by dipping
the fiber in an appropriate organic solvent (e.g. acetone) or acid for several hours. Next,
silanol groups are exposed on the surface by successively rinsing the fiber with 1M
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NaOH followed by rinsing for 30 minutes with water [39]. A 0.1M solution of HCl is
rinsed over the bare end of the fiber to neutralize residual NaOH, and it is then rinsed
with water. Following rinsing, the fiber is heated at a time and temperature dependent
upon the organic components in the sol- gel system while purging with inert gas in a GC
injection port.
Fibers are coated with sol- gel materials by designing an appropriate sol solution
consisting of organic component (polymer), precursor, solvent, catalyst, water, and any
other additive. The fiber is then dipped vertically into the sol solution for 20-30 minutes
(or any other designated time). If desired, the process is repeated with fresh sol solution
several times in order to achieve a preferred coating thickness. The sol- gel coated SPME
device is then stored in a dessicator for 24 hours. Following this, it is then conditioned
under He or N2 in a GC injection port for several hours at a temperature dictated by the
thermal stability of the sol-gel system.
2.2.2 Sol-gel coated capillaries for in-tube SPME
In-tube SPME (also known as capillary microextraction (CME)) often uses
flexible fused silica tubing with a solvent coating on the inner surface as the extraction
device. Disadvantages of traditional coating used with in-tube SPME include limited
sample capacity due to thin coatings in the capillaries (typically a piece of conventionally
coated GC column) and poor thermal and solvent stability. To address these issues,
Malik and co-workers introduced sol- gel CME [16]. Briefly, the inner surface of the
capillary is hyrdrothermally treated to expose surface silanol groups. Next, the pretreated
capillary is coated with a sol-solution. Then a filling/purging device can be used to fill
the capillary with sol-solution [14]. The sol solution is kept inside the capillary for an
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optimal amount of time (about 30 min) to facilitate the formation of a surface bonded solgel coating. After this, the capillaries are purged for an optimal amount of time (about 60
min) with an inert gas (e.g. 20psi He) to expel any un-bonded sol solution from the
capillary. Capillaries are then thermal conditioned or dried to (1) evaporate remaining
solvent and (2) to “cure” sol- gel coating.

Heating conditions depend upon the

temperature limits of the sol- gel coated material (usually determined by the organic
component).

Sol- gel coated microextraction capillaries are then rinsed with organic

solvents (e.g., methylene chloride and/or methanol) to clean any debris or unbonded
material from the coated surface.

Conditioned capillaries are then cut into smaller

segments (e.g. 11 cm pieces) that are used for CME.
2.3 Characterizing Sol-Gel Sorbents
Sol- gel sorbent coatings are characterized in order to better understand their
properties and structures.

The overall appearance of coating can be characterized

utilizing scanning electron microscopy (SEM) [40]. SEM images can tell about the
porosity, thickness, and stability or defects (i.e. if it is cracked) of a coating. Surfaces
characteristics and morphology can also be determined using atomic force microscopy
(AFM) [41] and x-ray photoelectron spectroscopy [42]. Fourier transform infared
spectroscopy (FT-IR) [43, 44] can be used to determine functional groups that are
present. This is useful in verifying if additives such as polymers were incorporated into a
sol-gel network. FT-IR is also useful in helping to identify types of bonds present. This
could be useful in mixed systems. For instance, in a system that incorporates silica and
germania materials, a Si-O-Ge bond can be identified via IR [33]. Types of bonds, bond
formation, and kinetics of sol- gel reactions can also be followed using 1 H,
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C, or

29

Si

liquid or solid state NMR [45]. Thermal stability or degradation temperatures and the
ratio of inorganic to organic constituents in a sol- gel material may be determined by
using thermal gravimetric analysis (TGA) [46]. TGA follows weight change in relation
to temperature change.
characterized.

In some cases, pore size or pore distribution must be

This can be accomplished using nitrogen adsorption methods which

utilizes the Brunauer-Emmett- Teller (BET) equation [47].
2.4 Evaluating Sol-Gel Sorbents
Sol- gel coated SPME fibers and microextraction capillaries have been used to
preconcentrate a wide range of analytes. Sorbent coatings are evaluated to determine
their best operating parameters. Coatings have been tested for solvent stability by rinsing
with harsh organic solvents [16]. Sol-gel coatings usually remain intact after rinsing and
are thus more robust than their non-bonded counterparts. Coatings are also tested for
their pH stability by rinsing for a period of time with acid or base. While silica-based
coatings are more pH stable than non-bonded coatings, they still have a tendency to
breakdown at low (below 2) and high pH values (above 8) [21].

However, sol- gel

coatings prepared with transition metal alkoxides are remarkably pH stable and can
survive rinsing with strong acids or bases [33, 48, 49].
The upper temperature limits of sol-gel coatings are tested in order to determine
(1) their degradation point and (2) the optimum temp erature for analyte desorption.
Traditional coatings sometimes have limited temperature ranges over which they are
stable. For example, some traditional coated poly(ethylene glycol) materials have narrow
working temperature ranges (70-270°C for Carbowax 20M) [50, 51]. Sol-gel coatings
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are thermally superior to traditional coatings because they are covalently attached to
substrates.
SPME and CME are non-exhaustive techniques. When the extraction is complete
“distribution equilibrium between the sample matrix and the extracting phase is reached”
[52].

Extraction profile experiments are performed in order to determine when

equilibrium is achieved. These experiments are conducted by extracting a sample of a
constant concentration for varying interval of time. The experiments are carried out at a
constant temperature. For example, a 100 ppb sample could be extracted onto a coating
for 10 min, 20 min, 30 min and so on at room temperature. Initially many analytes are
sorbed leading to a step rise in the extraction profile curve (linear regime). As time goes
on, a point is reached when the rate of analytes being sorbed and desorbed onto the
coating is equal (near equilibrium). At this point the curve plateaus and the optimum
extraction time is determined (figure 2-3). Extraction times can range from a matter of
minutes to hours. Ideal coatings should provide high peak areas and fast extraction times.

Figure 2-3. Example of an extraction profile. With permission [53].
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For SPME fibers, it is necessary to determine other parameters such as optimum
desoprtion time and temperature to effectively release analytes from the coating for fibers
used with GC. This is accomplished by testing various desoroption time intervals and
temperatures.

Good desorption is required in order to avoid problems with sample

carryover from one run to the next.
It is necessary to determine the repeatability of an extraction from one run to the
next.

This is accomplished by repeating extraction experiments under the same

conditions multiple (at least 3) times (i.e. run-to-run repeatability). The average response
(usually peak area) along with the standard deviation is used to determine the relative
standard deviation (precision) or RSD value. The reliability of the coating procedure can
be determined by examining the average response given for coatings prepared in different
batches (i.e capillary-to-capillary or fiber-to-fiber repeatability).
2.5 Sol-Gel Sorbents: Literature Survey
Various types of polymers and organic- functionalized compounds have been used
in sol- gel networks. Some of the more common organic ligands used in sol- gel sorbents
are detailed in table 2-2. (Table 2-2 is not intended to be an exhaustive representation.)
2.5.1 PDMS
The first example of a sol-gel coating for SPME fibers was introduced in 1997 by
Malik and co-workers [15]. A hybrid organic- inorganic sol- gel coating was prepared by
using a solution coating containing hydroxyl-terminated poly(dimethylsiloxane) (PDMS),
methyltrimethoxysilane

(MTMS),

poly(methylhydrosiloxane)

(PMHS),

and

trifluoroacetic acid containing 5% water (95% TFA). To form the sol- gel coated fiber, a
homemade syringe for SPME-GC was developed. It consisted of a 15 cm piece of fused
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silica fiber that was glued onto a 15 cm lo ng piece of PEEK tubing using silicone
adhesive. The PEEK tubing served as the plunger. Exposed, pre-treated fused silica
fiber was dipped for 20 min in fresh sol solution three times. The coated fiber was then
dipped into a solution of trimethylmethoxysilane/ methanol (4:1 v/v) to end cap the solgel coating. Anilines, phenolic compounds, and PAH’s were analyzed. The coating was
characterized by enhanced thermal (320°C) and solvent stability.
Malik and co-workers [16] developed fused silica capillaries with surface-bonded
nonpolar PDMS sol- gel hybrid organic- inorganic coatings were utilized and a variety of
compounds were extracted with excellent reproducibility and extraction sensitivity.
Specifically, the PDMS sol- gel coated microextraction capillary was used to extract
PAHs, aldehydes, and ketones, and in CME-GC experiments area RSD values of less
than 6% were obtained.
Sol- gel sorbent coatings containing PDMS have also been developed by others.
Supelco developed a C11-PDMS sol-gel coated SPME fiber which was tested by Jinno et
al. to analyze benzodiazepines in human urine using SPME and micro-LC [54].
Vonderheide et al. prepared a sol- gel coated PDMS fiber to study seleno amino acids by
direct immersion [55].
Bagheri

and

co-workers

developed

PDMS,

PEG

(MW

4000),

and

poly(ethylenepropyleneglycol) (Ucon HTF14) sol- gel coated SPME fibers to study
dextrorphan in human plasma [56].

All of the coatings were prepared using the

respective polymer, TMOS, and 95% TFA. SEM investigations revealed that all of the
sol-gel coatings were about 10 µm thick.

While the PDMS and the Ucon sol- gel coating
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Table 2-2. A few common silica-based sol- gel sorbents
Polymer/Component
Name

General Structure

CH3

Poly(dimethylsiloxane)

HO

Si

CH3

Poly(vinyl alcohol)

CH 3
O)n Si OH

O (Si

CH 3

References

CH3

CH 3

(CH2 CH)n

[59-62]

OH

Divinyl benzene

[15, 16, 54-58]

CH 2 CH

CH

CH2

[63, 64]

β-cyclodextrins

[68-71]

Calixarenes

[73-80]
[72]

Crown Ethers

O O
O O

[81-86]

OH

Poly(ethylene glycol)

HO-(CH2 -CH2 -O)n-H
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[16, 56, 87, 88]

appeared porous, the PEG coating did not. The authors claimed that PEG coating might
not be porous since PEG MW 4000 is a solid. Furthermore, the sol- gel PDMS coated
fiber was found to give a better response for the analyte in question than the Ucon fiber.
The sol- gel PDMS coated fiber was used for headspace extraction on acetyl-derivatized
dextrorphan in plasma. In a more recent work [57], Bagheri et al. used a similar PDMS
sol-gel coated SPME fiber to extract and analyze geosmin in water and apple juice by
HS-SPME-GC-MS analysis.
Carasek and co-workers used a homemade glass-ceramic rod as an SPME fiber
and coated it with a PDMS sol- gel [58] (figure 2-4). A glass-ceramic rod that had a
thickness of 44 µm was used to overcome the issues of fused silica fiber breakage. The
rod consisted of 29% Li2 O, 1% ZrO, 5% BaO, and 65% SiO 2 . A sol-gel consisting of
MTMS, PDMS-OH, and 95% TFA was used to coat the glass-ceramic rod. BTEX
compounds were extracted by direct and headspace extractions and were analyzed by
GC-FID. Limits of detection for the BTEX compounds were 0.2-0.7 µg/L and RSD
values of 4.4-5.3 were obtained.

Figure 2-4. Scanning electron micrograph of a sol- gel PDMS coating on a (A) fused
silica and (B) glass ceramic base. Reprinted from [58].
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Sol- gel sorbent coatings that consist of PDMS and other polymers have also been
prepared. Augusto and company developed PDMS/poly(vinylalcohol) (PDMS/PVA) solgel coated SPME fibers [59]. Sol- gel coated fibers were prepared using PDMS-OH,
MTMS, PVA, and 95% TFA. Fibers were end capped with a 20% v/v solution of
methanol and trimethylmethoxysilane for 1 min. Conditioned sol- gel coated fibers were
characterized using TGA, FT-IR, and SEM. Napthalene, ethyl caprate, p-chlorotoluene,
o-xylene, and PCBs were analyzed by headspace extraction followed by GC-FID or GCECD analysis. The thin, microporous PDMS/PVA sol- gel coatings were found to be
more thermally stable than coating prepared only with PDMS. It was also found that the
PDMS/PVA sol-gel had a higher affinity for heavier compounds like PCBs than PDMS
alone. Ultimately, the PDMS/PVA sol-gel coated fibers allowed for cleaner baselines
and a wider working temperature range.
The PDMS/PVA sol- gel sorbent coated fibers have been used to study pesticides
in plant infusions of Passiflora species [60-62]. Zuin et al. used the PDMS/PVA sol- gel
coated fibers to study organochlorine (OCP) and organophosphorous (OPP) pesticides in
the complex infusions by HS-GC-ECD [60]. A desorption temperature of 260°C for 15
minutes was used for total desorption and to avoid memory effects. da Silva et al.
optimized HS-SPME-GC-ECD extraction parameters of OCPs and OPPs from the plant
infusion using a neuro- genetic approach [61]. da Silva et al. used PDMS/PVA sol- gel
coated SPME fibers for direct coupling of SPME with mass spectrometry (MS) [62].
This so called “fiber introduction mass spectrometry” (FIMS) was used to extract and
analyze OCP and OPP in plant infusions. FIMS analysis resulted in 0.6-14.9% precision
and limits of detection ranging from 0.3-3.9 ng/mL.
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Sol- gel PDMS/divinylbenzene (PDMS/DVB) sorbent coatings for SPME fibers
have been prepared by Zeng and co-workers [63]. In this case, the sol- gel PDMS/DVB
coating was prepared using VTEOS as a bridge thereby combing sol-gel chemistry and
crosslinking technology. Phosphates and methylphosphates were preconcentrated and
analyzed. Later, Zeng and co-workers developed hydroxyl-terminated silicone oil (OHTSO)-butyl methacrylate-divinylbenzene sol- gel coating for SPME fibers [64]. The solgel coating consisted of butylmethacrylate (BMA), DVB, OH-TSO, TEOS, γmethacryloxypropyl- trimethoxysilane- as a bridge between sol- gel reactions and radical
crosslinking reactions, PMHS, benzophenone, and 95% TFA. The fibers were used for
HS-SPME-GC to analyze polar alcohols, fatty acids, and nonpolar ester.
Zeng and co-workers also developed sol- gel coated SPME fibers consisting of a
blend of OH-TSO and an acrylate [65]. Three coatings were developed and studied for
their ability to extract 2-chloroethyl ethyl sulfide (CEES) (a surrogate of mustard) from
red clay, sand y soil, and agricultural soil samples.

Sol- gel coatings contained

methylacrylate, methyl methacrylate, or butyl methacrylate in addition to OH-TSO,
TEOS, VTEOS, PMHS, benzophenone, methylene chloride, and 95% TFA. Acrylate
was present in a 3:1 ratio over OH-TSO. OH-TSO was used here (and in other cases) to
lengthen and spread the sol- gel network over the fiber and the acrylates were used as
“selective coating materials.” VTEOS was used for radical crosslinking to bond the
acrylate to the silicone oil. In this case it was determined that the BMA/OH-TSO sol- gel
coated fiber had the best selectivity for CEES. The authors state that MA and MMA
fibers would be better for more polar analytes. Zeng and co-workers also used the
BMA/OH-TSO sol- gel/cross- linked coated fiber for HS-SPME-GC-MS of medium and
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long chain derivatized fatty acids of lung tissue from lung cancer patients and healthy
controls [66].
A BMA/OH-TSO fiber was also used to analyze ephedrine derivatives from
human urine by HS-SPME followed by capillary electrophoresis (field amplified sample
injection) [67].

The sol- gel coating consisted of BMA, OH-TSO, TEOS, γ-

methacryloxypropyltrimethoxysilane, PMHS, benzophenone, methylene chloride, and
95% TFA.

After (1R, 2S)-ephedrine, (1R, 2R)-pseudoephedrine, and (1S, 2S)-

pseudoephedrine were extracted onto the fiber by HS-SPME, 80 µL of solvent in a 100
µL syringe was used to “back extract the analytes from the fiber.” The sample was then
transferred to a vial an injected into the CE for analysis.
Liu et al. developed sol-gel coated SPME fibers utilizing a PDMS polymer that
contained 3% vinyl groups [68]. By utilizing this polymer, sol- gel crosslinked coatings
were obtained. The sol- gel consisted of PDMS containing 3% vinyl groups, methylene
chloride, MTMS, PMHS, and 95% TFA. The PDMS- vinyl sol-gel coating was used to
investigate OPPs and BTX by HS-SPME in water, orange juice, and red wine.
In order to enhance selectivity for nonpolar monocyclic aromatic hydrocarbons
(MAHs)

and

polycyclic

aromatic

hydrocarbons

(PAHs),

Hu et

al.

utilized

anilinemethyltirethoxysilane as a sol- gel precursor [69]. Selectivity for these aromatic
compounds was enhanced by p-p interactions between the analytes and the phenyl rings
in the sol- gel network. Utilizing PDMS also helped to enhance the elasticity of the solgel coating. The sol-gel sorbent coating consisted of PDMS-OH, methylene chloride,
TEOS, AMTEOS, and TFA containing 1% water. HS-SPME was used for MAHs and
direct SPME was used for PAHs.
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Kulkarni et al. developed polar coatings utilizing PDMS and a cyano
functionalized sol-gel precursor, 3-cyanopropyltriethoxysilane [70]. Cyano groups are
considered extremely polar; however, they are thermally labile. By incorporating them
into a sol- gel network they become more thermally stable. The cyano-PDMS coatings
were utilized for CME-GC, and various classes of medium polar to pola r solutes were
analyzed. The sol- gel coating consisted of PDMS, 3-cyanopropyltriethoxysilane, TEOS,
methylene chloride, HMDS, and 95% TFA.

Coatings were found to be thermally stable

to 330°C; beyond this temperature to cyano sol-gel component began to degrade. By
comparing the extraction of a sol- gel cyano-PDMS and a sol- gel PDMS microextraction
capillary, the authors were able to demonstrate that the cyano moiety was responsible for
the extraction of the more polar compounds (figure 2-5). As fused silica SPME fibers are
prone to mechanical breakage, metal wires such as NiTi (introduced by Supelco) have
come onto the market.
Azenha and co-workers utilized a Ti alloy wire as an SPME fiber, and they coated
the wire with a PDMS sol- gel/silica particle blend (figure 2-6) [71]. The sol-gel coating
was prepared using PDMS-OH, MTMS, and 95% TFA. After dip coating, silica particles
were pressed onto the coated fiber, and the fiber was allowed to stand for 24 hours.
Following this the fiber was dip coated again with the PDMS-based sol solution. After a
24 hour period the SPME sol- gel/silica particle coated fiber was thermally conditioned to
300°C in a GC injection port. Overall, the coating was 30 µm thick. The fiber was used
to analyze BTEX, 2-octanone, benzaldehyde, acetophenone, and dimethylphenol by HSSPME. By comparing a PDMS sol- gel fiber and the PDMS sol- gel/silica particle fiber,
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Figure 2-5. CME-GC analysis of mixture of two alcohols and two free fatty acids on (a)
sol–gel CN-PDMS capillary (12 cm) and (b) sol–gel PDMS capillary (12
cm); extraction time, 30 min, GC analysis conditions: 5 m × 250 µm i.d..
sol–gel PDMS column; splitless injection; injector temperature: initial 30°C,
final 300°C, programmed at a rate of 60°C/min; GC oven temperature
programmed from 35°C to 300°C at a rate of 15°C/min; helium carrier gas;
FID temperature 350°C. Peaks: (1) 1-heptanol, (2) 1-octanol, (3) octanoic
acid, (4) nonanoic acid. Reprinted from [70].
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Figure 2-6. SEM image of PDMS/silica particle blend conditioned for 30min at 300°C
(magnification 150×). Reprinted from [71].
the authors obtained the same type of extraction profile. This established that the PDMS
alone was responsible for the extraction.
2.5.2 β-Cyclodextrins
Cyclodextrins (CDs) are cyclic oligosaccharides that contain six (α-CD), seven
(β-CD), or eight (γ-CD) α-(1,4)-linked glucopyranose units [72]. CDs can form inclusion
complexes with molecules via host- guest interactions [73]. Specifically, β-CDs have
been used for microextraction since they can “enhance hydrogen bonding forces between
the [sorptive] coating … and polar aromatic compounds…” [73]. β-cyclodextrins have
been used in sol- gel coatings for in-tube SPME-HPLC [74] and for SPME fibers [72-73].
Feng

and

co-workers

developed

a

sol-gel

coating

using

3-

glycidoxypropyltrimethoxysilane derived β-CD, TEOS as a sol- gel precursor, HCl as a
catalyst, and acetonitrile as a solvent [74]. The sol- gel coating was used for in-tube
SPME-HPLC ana lysis of non-steroidal anti- inflammatory drugs in urine. The authors
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stated that the sample matrix affected the extraction due to the salts and proteins that may
act as a competitive subject for analytes to form inclusion complexes with the β-CDs.
Li and co-workers have developed PDMS/β-CD sol- gel sorbents for membrane
extraction [75] and SPME fibers [73]. The sol- gel sorbent consisted of a mixture of
hydroxyl- terminated PDMS, TEOS, 3-glycidoxypropyltrimethoxysilane, β-CD, and TFA
containing 1% water.

PDMS/β-CD sol-gel coated SPME fibers were used for HS-

SPME-GC [73]. Polar compounds in river, lake, and rain water were investigated. The
authors claimed that increased hydrogen bonding forces to polar compounds resulted in
inclusion interactions between analytes with suitable dimensions to the cavity of the βCD.
Zhou and Zeng utilized a β-CD- heptakis (2, 6-di-O-methyl)-β-cyclodextrine
(DM-β-CD)- with hydroxyl-terminated silicone oil sol- gel coating for SPME fibers [72].
The sol- gel coating was prepared by mixing DM-β-CD, methylene chloride, silicone oil,
TEOS, 3-(2-cyclooxypropoxyl)propyltrimethoxysilane), PMHS, and 95% TFA. The βCD sol- gel coated fibers were used to extract ephedrine (EP) and methamphetamine
(MA) from human urine. Higher extraction efficiencies were obtained for the sol- gel
coated fibers compared to commercially available fibers. This was attributed to the high
surface area and sample capacity afforded through the use of sol- gel technology, and due
to the shape selectivity, the hydrophobic interactions, and the hydrogen bonding of the βCD cavity.
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2.5.3 Calixarenes
Calixarenes are cyclic oligomers prepared from formaldehyde and para
substituted phenols by cyclic condensation under basic conditions [77]. These molecules
are useful for extractions because their structure allows for interactions with polar and
nonpolar analytes based on hydrogen-bonding, dipole-dipole interactions, p-p
interactions, and hydrophobic interactions. The cavity-shaped cyclic structure of
calixarenes allows them to form inclusion complexes with some molecules. Zeng and coworkers have utilized calixarenes for sol-gel sorbents for SPME fibers [77-84]. The first
such sol- gel sorbent was developed in 2004 [77]. The sol-gel coating was developed by
combining laboratory synthesized 5, 11, 17, 23-tetra-tert-butyl-25, 27-diethoxy- 26, 28dihydroxycalix[4]arene with hydroxyl-terminated oil, TEOS, 3-(2-cyclooxyprpoxyl)
propyltrimethoxysilane, PMHS, and 95% TFA. Ring opening polymerization of the
calix[4]arene and 3-(2-cyclooxyprpoxyl) propyltrimethoxysilane was catalyzed by TFA.
Sol- gel coated SPME fibers were used in headspace format to analyze BTEX
compounds, PAHs, and aromatic amines. The fibers were used in direct immersion
format to analyze phthalic acid esters. Extracted compounds were analyzed by GC. The
sol-gel calix[4]arene coated fibers had relatively fast extraction times (1min to 1 hour
depending on the analyte), was thermally stable up to 320°C, was solvent stable, and had
a lifetime of 170 runs for headspace and 140 runs for direct immersion. SPME fibers
based on the original calix[4]arene sol-gel coating [77] were used in direct immersion
format followed by GC analysis to analyze chlorophenols (LOD 0.005-0.276 µg/L) in
riverwater and soil samples from a lake [78], and were used in headspace format to
analyze OCPs and their metabolites in radishes (LOD 174 ng/kg) [80].
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In order to enhance sensitivity for polar compounds, a calix[4]arene sol- gel
sorbent was developed that contained an amide bridge on the lower rim of the calixarene
[79] (figure 2-7). Calix[4]arene containing sol- gel sorbents were also developed using 5,
1, 17, 23-tetra-tert-butyl- 25, 27- dihydroxy- 26, 28- diglycidyloxycalix[4]arene. Sol-gels
contained the calix[4]arene, hydroxyl-terminated silicone oil, TEOS, PMHS, and 3aminotriethoxysilane [81]. Other sol- gel calix[4]arene coatings [77] contained about
11% calixarene. Zeng and co-workers state that this was because of steric hindrance of
the

calixarene

which

resulted

in

low

reactivity

with

3-(2-cyclooxyprpoxyl)

propyltrimethoxys ilane at room temperature [81]. With the diglycidyloxycalix[4]arene
sol-gel composition, sol- gel reactions were fast; the precursor, 3-aminotriethoxysilane,
acted as a catalyst and allowed ring opening reactions to occur. This sol- gel coating
contained about 17% calixarene [82]. Furthermore, the sensitivity to polar compounds
was enhanced because epoxy groups were incorporated into the lower rim of the
calixarene. SPME fibers were prepared with the sol- gel sorbent, and propranolol, a β
blocker, was extracted from human urine samples by headspace and direct extraction
followed by GC analysis [81].
The diglycidyloxycalix[4]arene sol- gel sorbent was also used for HS-SPME-GC
analysis of PAHs and aromatic amines; limits of detection in ng/L range were achie ved
[82]. The performance of the diglycidyloxycalix[4]arene sol- gel sorbent was compared
to the performance of the amide bridged calix[4]arene sol- gel, silicone oil sol- gel, and
commercial PDMS SPME fibers for extracting chlorobenzenes followed by GC-ECD
[83]. Standard addition technique was used to analyze chlorobenzenes in red clay, sandy
soil, and garden soil. The diglycidyloxycalix[4]arene sol- gel sorbent had a higher
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Figure 2-7. The structure of amide bridged-calix[4]arene. Reprinted with permission
from [79].

selectivity for the chlorobenzenes than the other SPME fibers. The authors attributed this
to the presence of epoxy groups in the calix[4]arene’s structure. In a further expansion,
the diglycidyloxycalix[4]arene sol- gel sorbent was used for a solid-phase extraction
coupled to capillary electrophoresis [84]. Headspace SPME was used to sorb propanolol
from urine, and solvent was used to “back-extract” the analyte from the sorbent. Samples
were then analyzed off- line with capillary zone electrophoresis.
2.5.4 Crown Ethers
Crown ethers have been utilized in chromatography because they are known to
give good selectivity of polar compounds with similar boiling points due to their cavity
structures and the strong electronegativity of heteroatoms on the crown ether ring [85,
86].
cases.

Crown ether sol- gel materials have been used as coatings for SPME in several
Zeng and co-workers utilized hydroxydibenzo-14-crown-4 (OH-DB14C4) in

combination with hydroxyl-terminated silicone oil as an SPME coating to analyze
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phenols [85].

In this case, 3-(2-cyclooxypropoxyl)-propyltrimethoxysilane and TFA

were used for ring opening reactions of OH-DB14C4. TEOS was used as a sol- gel
precursor. Overall, this crown ether sol- gel coating had medium polarity because of
hetroatoms on the ring. Phenolic compounds from paper mill wastewater samples were
analyzed, and detection limits less than 0.1 ng/mL were obtained for HS-SPME-GC.
Zeng and co-workers also developed crown ether sol-gel SPME coatings to
analyze monocyclic aromatic amines [87].

Three crown ether sol- gel coating were

prepared including: OH-DB14C4, dihydroxy- substituted saturated urushiol crown ether
(DHSU14C4), and 3,5-dibutyl- unsymmetry-dibenzo-14-crown-4-dihydroxycrownether
(DBUD14C4). Ring open reactions of the crown ethers was accomplished using 3-(2cyclooxypropoxyl)-propyltrimethoxysilane.

All coatings contained silicone oil and

TEOS as a sol-gel precursor. Analysis was performed by HS-SPME-GC. Extraction
efficiencies were found to decrease with increasing number of alkyl groups on the crown
ether ring. This was due to a decrease in the coating’s polarity (hence the analytes were
less attracted to it) and due to an increase in steric hindrance. Amines were extracted
from pharmaceutical waste water.
Yun developed a sol-gel open crown ether SPME coating using α, ωdiallytriethylene glycol with silicone oil (DATEG/OH-TSO) [86]. Vinyltriethoxysilane
(VTEOS) and TEOS were used as sol- gel precursors. VTEOS was also used to crosslink the crown ether into the sol-gel network. Sol-gel SPME coated fibers were prepared
by dip coating followed by UV irradiation to induce cross- linking reactions. The coating
was used to extract phenols and BTEX compounds via headspace extractio n.
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Wu and co-workers have also prepared crown ether sol- gel coatings for SPME.
In one case, dihydroxy-terminated benzo-15-crown-5 (DOH-B15C5) was prepared and
used for a sol- gel coating [88]. This crown ether was used to try to extend the linear range
of phenols. The coating consisted of DOH-B15C5, silicone oil, PMHS, TEOS (sol- gel
precursor), methylene chloride, and TFA as a catalyst. In this work, the sol solution was
optimized to lengthen the time of the sol-solution to coat different thicknesses of fibers
using the same sol-solutions as opposed to making a fresh solution for each dip. The
crown ether was found to have enhanced hydrogen bonding; therefore, high temperatures
were used for desorption to mitigate the carryover problem. The coating was also used to
extract chlorobenzenes and arylamines. Overall, the DOH-B15C5 sol-gel coating had
less steric hindrance than other crown ether coatings, and it had high thermal and solvent
stability.
Wu and co-workers utilized allyloxy bisbenzo 16-crown-5-trimethoxysilane with
silicone oil to prepare a sol- gel coated SPME fiber [89]. The sol- gel was prepared using
TEOS- as a sol-gel precursor, PMHS- as a deactivator, methylene chloride, and 95%
TFA. The crown ether silane served as a second sol- gel precursor. Furthermore, 33%
crown ether was contained in the sol- gel whereas other coatings [88] contained only 3%
crown ether. The SPME fiber was used in the headspace and direct immersion modes.
OPPs in food matrices were investigated.
Wu and co-workers also prepared radical cross- linked vinyl crown ether sol- gel
coated SPME fibers [90]. In this work, 4’-allyldibenzo-18-crown-5 (allyl DB18C6), 3’allyldibenzo-15-crown-5 (allyl B15C5), and allyloxy ethoxymethyl-18-crown-6 (allyl
PS018C6) were utilized in combination with VTEOS and were cross-linked using AIBN
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as an initiator. Silicone oil, TEOS, PMHS, TFA with 5% water, and methylene chloride
were also used in the sol-gel. UV light was used to start cross- linking reactions. The
vinyl crown ether sol- gel coated fibers were used for headspace and direct SPME.
Extractions of OPPs in food matrices were investigated using SPME and GC-FPD.
Extractions of the pesticides were higher for allyl B15C5 and the allyl DB18C6 fibers.
The authors claim that this was because the benzyl groups in the structures could have pp interactions with the analytes.

Furthermore the allyl B15C5 sol- gel coated fiber

performed the best due to one benzyl ring on the crown ether ring thus enabling an
electron distribution that deviated from symmetry. A bigger dipole moment and thus
higher polarity resulted.
Interestingly, Zeng and co-workers developed calix[4] open-chain crown ether
sol-gel coating for SPME [91]. So called calixcrowns are macropolycyclic molecules in
which monocyclic structures of calixarenes are combined with crown ethers by “bridging
phenolic oxygens of calixarene by a polyether chain.” The combination allows for
extraction of polar aromatic compounds via p-p interactions, hydrophobic interactions,
and the cavity shaped structure of the calixarene and because of the cavity structure and
strong electronegative effect of heteroatoms on the crown ether ring. A combination of
sol-gel and cross-linking was used to prepare coatings that contained 5, 11, 17, 23-tetratert-butyl-25, 27-di(2-allyloxyethoxyl)-26, 28-dihydroxycalix[4]arene (C[4] open-chain
crown ether), VTEOS, silicone oil, TEOS, PMHS, benzophenone, and TFA containing
5% water. The sol-gel calixcrown coating was used to extract phenolic compounds,
alcohols, and fatty acids in wine.
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2.5.5 Poly(ethylene glycol)
Poly(ethylene glycol) (PEG) is a polar polymer that has been used in a variety of
areas in an effort to analyze polar compounds. However, PEG is known to have low
thermal stability, and it can undergo chemical degradation in the presence of trace levels
of oxygen and water [92]. Effective immobilization of PEG can help alleviate these
issues. One means of immobilizing PEG is using sol- gel technology.
Malik and co-workers developed sol- gel CME coating using trimethoxysilylterminated PEG (MW 5000) [16]. Alcohols, phenols, and amines were tested, and RSD
values of less than 4% were obtained. Limit of detection in the parts per quadrillion were
obtained for some analytes.

Wu and co-workers prepared Superox-4 (PEG MW

4,000,000) sol- gel coated fibers for SPME [93]. The sol- gel coating contained MTMS,
Superox-4, acetone, and 95% TFA. The coating was found to be porous creating a high
extraction capacity due to the increased surface area. The PEG sol- gel coated fiber was
used to analyze BTEX compounds and phenols by HS-SPME-GC-FID. The coating was
stable up to 300°C and had a lifetime of over 150 uses.
Augusto and co-workers prepared so- gel sorbent coatings for SPME fibers using
Carbowax 20M (PEG MW of 14000-16000) [94]. The sol-gel coating contained MTMS,
Carbowax 20M, and 95% TFA. The coating had a porous, sponge like coating, and the
authors stated that it seemed to consist of an agglomerate of microspheres (figure 2-8).
The PEG sol- gel coated fiber was used to preconcentrate BTEX compounds. Kulkarni et
al. [95] utilized N-(triethoxysilylpropyl)-O-polyethylene oxide urethane (TESP) to create
a sol-gel coated microextraction capillary for CME-GC. Low molecular weight PEGs
(e.g., MW 600) are liquids at room temperature and their hydrophilic end groups (-OH)
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have more pronounced effects on their properties as extraction media or chromatographic
stationary phases than higher molecular weight PEGs [96].

However, chemical

immobilization of low molecular weight PEGs on the silica surface presents a difficult
task. The sol- gel coating in this case contained MTMS and TESP as sol- gel precursors,
methylene chloride, and 90% TFA. By utilizing TESP (which contains 4-6 low ethylene
oxide repeating units) as a sol-gel co-precursor, a growing 3-D sol-gel network was
created that contained covalently bonded PEG (figure 2-9). The coating was solvent
resistant and thermally stable up to 340°C. The PEG sol-gel coated microextraction
capillaries were used to preconcentrate aldehydes, ketones, aromatic amines, phenols,
alcohols, and free fatty acids without derivatization, salting out, or pH adjustments.

Figure 2-8. Electron scanning micrography (600× magnification) of a sol–gel Carbowax
20M ormosil fiber. Reprinted from [94].
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Figure 2-9. Sol–gel PEG coating chemically anchored to the inner walls of fused silica
capillary. Reprinted from [95].

2.5.6 Organic Modified Silica
Sol- gel sorbents can be prepared using sol- gel precursors or co-precursors that
contain organic moieties. These moieties interact with target analytes from samples
which resulted in their preconcentaration. Caruso and co-workers developed the first
instance of an HPLC application of sol- gel coated SPME fibers [23]. In this case, sol- gel
coated SPME fibers were used to analyze organo As, Hg, and Sn compounds. The solgel consisted of n-octyltriethoxysilane (C 8 -TEOS), MTMS, methanol, HCl, and water.
Various molar ratios of precursors were tested. A ratio of 2:1 C8 -TEOS: MTMS was
found to give optimum extraction efficiencies. C8 -TEOS provided hydrophobicity, and
MTMS was used to avoid shrinking and cracking. Sol-gel coated fibers were end capped
using a 4:1 v/v solution of trimethylmethoxysilane and methanol. After direct immersion
SPME, a static desorption technique was used in which a desorption chamber replaced
the injection loop. Analytes were desorbed by soaking the fiber in the mobile phase for 5
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min. Limits of detections of 412 µg/L for diphenylmercury, 80 µg/L for triphenylarsine,
and 647 µg/L for trimethylphenyltin were obtained. The sol- gel coating had RSD for
extraction efficiency of 21, 29, and 22%, respectively.

The high RSD values were

attributed to non- uniformity of the sol-gel coating and to exposed portions of activated
fused silica due to difficulties in controlling the removal of the polyimide coating.
Azenha and co-workers [97] developed sol- gel coated SPME fibers utilizing
phenyltrimethoxysilane (PTMOS) and MTMS as precursors.

The sol-gel coating

consisted of various ratios of PTMOS: MTMS, water, methanol, and a catalyst (HCl, HF,
or NaOH).

The sol- gel coating had a thickness of 0.2-1 µm, and it had a dense, non-

porous microstructure. The sol- gel coating was used to preconcentrate long chain and
non-polar aromatic compounds. Factor analysis was used to determine the significant
effects and interactions in order to optimize the coating and extraction process. The water
to precursor ratio was found to provide “the most important contribution in order to
obtain a higher response [i.e. better extraction].”
Fan et al. [98] developed ordered mesoporous octadecyl modified silica coating
for in-tube SPME coupled to HPLC. Bisphenol-A was preconcentrated and analyzed
from tap and Donghu lake water.

In this case, the inner surface of a fused silica

capillary was coated with an ordered mesoporous silica film. The films were crated using
a solution that contained TEOS, HCl, ethanol and either Pluronic P123 (EO 20 PO70 EO20 )
or F127 (EO 106 PO70 EO106 ). Then the film was modified with octadecyltrimethoxysilane
by filling the capillary with a solution of the compound in toluene, sealing the ends with
silicone rubber, and heating at 105°C for 24 hours. Sol- gel sorbent coatings prepared
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with P123 had the most ordered pore structure, uniform distribution, and had the highest
extraction ability.
Zheng and Hu developed modified silica sol-gel coatings fo r inductively coupled
plasma- mass spectrometry (ICP-MS) [99] and for ICP-atomic emission spectrometry
(ICP-AES) [100].

Capillary microextraction was combined with ICP-MS to

preconcentrate and analyze Cu, Zn, Ni, Hg, and Cd in rice flour, mussel flesh, human
hair, serum, and urine [99]. A sol-gel coating solution contained N-(2-aminoethyl)-3aminopropyl- trimethoxysilane (AAPTS), cetyltrimethylammonium bromide as a
template, a ethanol and water mixture, and TMOS. No acid or base was utilized in the
sol solution because it would cause a precipitation. A fused silica capillary was filled 3
times with the solution and was then heated in a muffle furnace at 120°C for 8 hours.
AAPTS was utilized since it has metal chelating ability, rapid sorption, low swelling, and
high mass exchange. Since inorganic acids are used to desorb metals for trace analysis,
and AAPTS sol-gel coating was used since it can be pH resistant. In particular, this
coating was useful in a pH range of 2-9, and the coating survived 8 hours of rinsing with
4M HCl.
Capillary microextraction combined with ICP-AES was used to preconcentrate
and analyze Cu, Hg, and Pb in human urine, serum, hair, milk powder, preserved egg,
and water [100]. A sol- gel 3- mercaptopropyltrimethoxysilane (MPTS) modified silica
coating was used. The coating consisted of MPTS, TMOS, and an ethanol and HCl
mixture. MPTS was used in the sol solution since the terminal –SH had good affinity to
heavy metal ions. The coating had spherical particles, was propous, and had a high
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absorption capacity. However, at too high of an acid concentration (2M HCl) the coating
broke down.
Feng and co-workers [101] developed an octyl- functionalized silica monolithic
column for in-tube SPME in hyphenation with µHPLC to preconcentrate and analyze
PAHs.

The sol-gel monolith was developed using a 2-step acid/base- catalyzed

hydrolysis/co-condensation method. First, methanol, water, HCl, TEOS and C8 -TEOS
were hydrolyzed at 60°C for 5 hours. After cooling to room temperature dodecyla mine
was added and a capillary was filled and sealed with silicone rubber. The capillary was
heated at 70°C for 48 hours. The morphology of the monolith was macroporous with
microglobules interconnected making large clusters of a continuous skeleton (figure 210). The authors stated that the morphology was determined by a competitive process of
phase seaparation accompanied by sol- gel transition. C8 -TEOS was responsible for
inducing the phase separation and controlling the size of the skeleton. The mono lithic
sorptive column had high permeability and low flow resistance.

CME- µHPLC

experiments were performed using a home-built system. The monolithic column was
used like a sampling loop.
2.5.7 Other sol-gel extraction media
Sol- gel sorbents have all been made using various other polymers and
materials. Giardina and Olesik [102] utilized low-temperature glassy carbon (LTGC)
films as a sorptive coating in SPME fibers. Glassy carbon has a “flat surface,” and it is
non-porous allowing for greater shape selectivity than bonded silica phases. First, porous
silica particles were coated with diethylnyl oligomer via heating at 300-1000°C in a
furnace. Then sol- gel was used to immobilize the particles onto a stainless steel fiber in a
66

Figure 2-10. SEM images of the cross-sectional view of monolithic columns prepared
with 130µL (A), 150µL (B) and 170µL (C) of TEOS in the original sols,
respectively. C8-TEOS was 100µL for every column. Reprinted from
[101].

manner similar to making porous frits. Essentially, a sol- gel consisting of formamide and
Kasil® #1 was coated onto the fiber. The coated fiber was then dipped into a “small
amount” of particles resulting in the LTGC coated fiber. The authors claimed that while
the coating was likely not bonded to the steel fiber, it did have good adhesion to it. It was
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determined that the oligomers were the “dominant extraction mechanism” since bare
silica particles resulted in poor extractions. The sol- gel immobilized LTGC fiber was
used for HS-SPME-GC analysis of BTEX compounds, styrene and ethylbenzene, and
odor compounds- 2,4,6- trichloroanisole, geosmin, and 2- methylisoborneol.

Direct

immersion SPME was used for cis and trans- stilbene.
Azenha et al. developed a silica particle coated NiTi alloy SPME wire [103]. The
functionalized silica particles were held in place on the SPME wire using UV-curable
sol-gel as a glue.
Wu and co-workers [104] described a hydroxyfullerene sol- gel SPME coated
fiber. Fullerenes have spherical shapes and a conjugated p- electron system; thus, they
have good selectivity for aromatic compounds. The sol- gel sorbent was created from a
solution that consisted of fullerol, water, MTMS, OH-TSO, and 99% TFA. The sol- gel
coated fiber was used to preconcentrate PCB’s, PAH’s, and aromatic amines by HSSPME.

In particular, “planar conformation selectivity and molecular recognition”

resulted due to charge transfer between PCB’s and the fullerol coating.
Wu and co-workers [105] also developed a sol- gel polyphenylmethylsiloxane
(PPMS) coated fiber. The sorbent was used for SPME with MAE to analyze OCPs in
Chinese tea.

PPMS was used as it had higher sensitivity and selectivity for OCPs

compared to PDMS. This was because PPMS gave coating with higher surface areas and
it also contributed p-p interactions which helped extract some compounds. The PPMS
sol-gel consisted of PPMS, silicone oil, TEOS, VTEOS, PMHS, AIBN, and methylene
chloride. Analytes were preconcentrated by either HS or direct immersion SPME. MAE
was used on the tea prior to SPME.
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Dendrimer sol- gel coatings for CME-GC were developed by Malik and coworkers [106].

In this case, a phenyl- terminated dendrimer with a thriethoxysilyl

containing root was used as a sol- gel active organic ligand (figure 2-11). Besides the
dendrimer, MTMS, HMDS, PMHS, TFA, and methylene chloride were used to prepare
the sol-gel for the microextraction capillary. The coating was used to preconcentrate
PAH’s, aldehydes, ketones, phenols, and alcohols. Parts per trillion detection limits were
achieved for all the compounds.

Figure 2-11. Phenyl-terminated dendrimer with a triethoxysilyl root. Reprinted from
[106].

Malik and co-workers also developed a medium polarity sol-gel sorbent coating
with “high-sensitivity sample preconcentration by” CME-GC [107]. The sol- gel coating
consisted of polytetrahydrofuran 250 (PolyTHF 250), MTMS, HMDS, 95% TFA, and
methylene chloride.

The coating was thermally stable (up to 320°C) and solvent

resistant. It had a thickness of 0.5 µm. The medium polarity coating was used to extract
non-polar and polar analytes. Several classes of compounds were analyzed including
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PAH’s, aldehydes, ketones, phenols, and alcohols.

Detection limits of parts per

quadrillion and parts per trillion were achieved.
Basheer et al. [108] synthesized and utilized amphiphilic and hydrophilic
oligomers for sol- gel coated SPME fibers. Sol-gel coatings were prepared from oligomer
dissolved in tetrahydrofuran, TEOS, water, and ammonium hydroxide. The coating was
used to analyze OCPs, triazine herbicides, estrogen, alkyl phenols, and Bisphenol- A by
direct immersion SPME followed by GC-MS-SIM. The oligomer coatings were found to
be give better performance than commercial fibers. They were selective and sensitive for
both polar and non-polar analytes.
Segro and Malik [109] developed a sol- gel sorbent coating consisting only of
MTMS; it did not contain any other precursor. The sorbent was created from a solution
containing PMHS, MTMS, methylene chloride, and 85% TFA. The sol- gel coating was
used for CME-HPLC. The microextraction capillary served as a sampling loop in an
HPLC set-up. The sol- gel coating was utilized to preconcentrate PAHs, ketones, phenols,
alcohols, and amines. The authors stated that the MTMS sol-gel coating was able to
extract such a range of analytes due to molecular level interactions between methyl group
of the precursor and the aromatic rings of the compounds. It was evident that residual
silanol groups in the sol- gel coating might have played a role in extractions as well.
Segro and Malik also developed polydimethyldiphenylsiloxane sol- gel coatings for
capillary microextraction [110]. The coatings were used to extract analytes from aqueous
matrices and were analyzed by HPLC-UV.
Bagheri and co-workers [111] developed amino-functionalized polymers
synthesized using 3-(trimethoxysilyl) proply amine as a precursor. The SPME coated
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fibers were used to extract chlorophenols from aqueous samples followed by GC-MS
analysis.
Bianchi and co-workers reported sol- gel SPME coatings based on (3aminopropyl)triethoxysilane-diethoxydiphenylsilane [112] and diethoxydiphenylsilane
[113]. The sol- gel coated fibers had excellent thermal stability (400°C) and were used to
extract analytes from various matrices.

Bianchi and co-workers also developed

quinoxaline-bridged cavitand based sol-gel SPME fibers [114]. The novel sol-gel fibers
had excellent thermal stability and were used to extract chlorobenzenez from river water.
Li et al. developed molecularly imprinted sol-gel SPME coating [115]. The
imprinted coating was developed using phenyltrimethoxysilane and TEOS as precursors.
The sol- gel coatings were used to selectively extract congeners of polybrominated
diphenyl ethers.
2.5.8 Metal Alkoxide -Based Sol-Gel Sorbents
Recently, metal alkoxides have been utilized to develop hybrid organic- inorganic
sol-gel sorbents for SPME and in-tube SPME. Utilizing metal alkoxides in place of
silicon alkoxides enables the development of sorbents that are stable to high and low pH
extremes [116]. Kim et al. developed PDMS-titania sol- gel coated microextrraction
capillaries for CME-HPLC [48]. The titania sol- gel sorbent was used to preconcentrate
polycyclic aromatic hydrocarbons, ketones, and alkylbenzenes. Run-to-run peak area
RSD values of less than 10% were obtained for all compounds. The PDMS-titania
coating was also shown to be pH resistant as it survived rinsing with NaOH for 12 hours.
Zeng and co-workers utilized sol- gel OH-TSO-titania as a sorbent for SPME
fibers [117]. The sol- gel SPME fiber was used to extract aromatic amines, phenols, and
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PAHs followed by GC analysis. The coating was pH stable as it survived rinsing with
acid and base for 12 hours. It was thermally stable up to 320°C. The OH-TSO-titania
sol-gel coating could be used repeatably as RSD values of less than 7% were obtained.
Wu et al. developed mesoporous sol- gel titania coating [118]. The novel coating
was used to preconcentrate V, Cr, and Cu from biological samples by CME.
Preconcentrated target analytes were determined by electrothermal vaporization
inductively coupled plasma mass spectrometry detection. Good precision was obtained
as RSD values of less than 6.4% were obtained for all analytes.
Recently, Farhadi et al. developed a titania-graphite sol- gel sorbent for SPME
fibers [119].

The novel coating was used to preconcentrate and analyze BTEX

compounds in indoor air and headspace of soil samples. The fiber was thermally stable
up to 250°C. The fiber provided LODs of 0.2-0.7 ng/mL for gas samples and 8-20
ng/mL for soil samples. Farhadi et al. also developed titania sol- gel using tetrabutyl
orthotitanant as a precursor [120].
A poly(dimethyldiphenylsiloxane)-zirconia sol- gel sorbent coating was prepared
and utilized for CME-GC by Malik and co-workers [49]. The coating was used to extract
PAHs, aliphatic aldehydes, and aromatic ketones. Peak area run-to-run RSD values were
less than 7.25%. The coating was pH stable as it survived rinsing with NaOH for 24
hours.
In a different approach, Xu and Lee [121] developed a zirconia hollow-fiber
membrane using sol- gel technology. The hollow fiber had a bimodal porous substructure
and throughpores. The hollow fiber membrane was used to preconcentrate nerve agent

72

degradation products by microextraction followed by LC-MS analysis. The zirconia fiber
was found to be selective for compounds that contained phosphonic acid.
Budziak and co-workers developed novel sol- gel PEG-zirconium oxide [122, 123]
and sol- gel PDMS-zirconium oxide coatings [124] on NiTi alloy SPME wires. The
coatings were robust and could be used for a wide range of analytes.
Sol- gel OH-TSO-alumina sorbents were prepared for SPME by Zeng and coworkers [125]. The coating was pH stable. Alumina has ligand excha nge properties and
the authors stated that alumina-based coating was structurally superior for the extraction
of fatty acids, phenols, alcohols, aldehydes and amines. The sol- gel OH-TSO-alumina
fiber was used to analyze alcohols and fatty acids in beer with precision as RSD values
were below 9%.
Fang et al. developed sol- gel germania-based sorbents for CME-GC [33]. Hybrid
organic- inorganic coatings were prepared by using tetramethoxygermane as a sol- gel
precursor and PDMS, poly(dimethyldiphenylsiloxane), or 3-aminopropyltirmethoxysilane to provide organic moieties. The capillaries were used to analyze PAHs, ketones,
alcohols, acids, aldehydes, and phenols. Overall the coatings were stable to high and low
pH values (1-13) and solvents.
Over the last decade, sol- gel based microextraction sorbents have been widely
investigated. Hybrid organic-inorganic coatings have been developed for a wide variety
of analytes. Metal based precursors have been used to develop pH resistant sol- gel
coatings. Future directions include development of polar [126] sol- gel sorbents. Sol- gel
microextraction sorbents have enabled enhanced preconcentration over traditional
sorbents owing to their thermal stability, solvent resistance, and high sample capacities.
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Overall, the sol- gel approach has secured its place in sample preparation by (1)
decreasing fiber and capillary preparation times and manufacturing costs by combining
surface treatment, deactivation, coating, and sorbent immobilization into a single-step;
and (2) by facilitation the growth of custom designs sorbents.
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CHAPTER 3:
IONIC LIQUID-MEDIATED SOL-GEL SORBENTS FOR
CAPILLARY MICROEXTRACTION

3.1 Introduction
Pioneering research by Pawliszyn and co-workers [1] on solid-phase
microextraction (SPME) about two decades ago was a significant step toward automation
of sample preparation in chemical analysis. SPME techniques include traditional fiber
SPME [1-3] and in- tube SPME [4-7] in-tube SPME [4-7] also known as CME [8]. These
sample preparation techniques pose little risk to the environment and human health since
they require no organic solvents. SPME is also suitable for hyphenation to various
analytical techniques: GC [9], high-performance liquid chromatography (HPLC) [4, 10],
supercritical fluid chromatography [11], capillary electrophoresis (CE) [12, 13], mass
spectrometry (MS) [14], and inductively coupled plasma mass spectrometry (ICP-MS)
[15]. It is portable and is especially suited for field analysis [16]. SPME is a nonexhaustive extraction technique based on the principle of equilibrium extraction. In fiber
SPME, a sorbent-coated fiber is used to extract analytes from the sample, either by direct
immersion or from the headspace. Some disadvantages of fiber SPME include fiber
breakage, mechanical damage of the coating during operation and handling of the SPME
device, and limited sample capacity. These issues led to the development of in-tube
SPME [4] also called capillary microextraction [8]. In this new format, the sorbent
coating is placed on the capillary inner wall. Analytes are extracted by passing the
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sample through the coated capillary [17]. In-tube SPME has a significant advantage over
traditional fiber SPME in that the sorbent coating is protected against mechanical damage
during operation since it is secured on the inner wall of a capillary. Short segments of
GC columns have been used to perform extraction by in-tube SPME [7]. Disadvantages
of using conventionally coated GC capillaries for in- tube SPME include small sample
capacity due to diminutive, sub- micrometer thickness of GC coatings, as well as their
reduced thermal and solvent stability due to a lack of chemical bonds between the
coatings and the capillary wall.

To address these issues, Malik and co-workers

introduced sol- gel capillary microextraction (CME) [8] representing in-tube SPME on
fused silica capillaries with surface-bonded sol- gel hybrid organic- inorganic coatings.
The use of the capillary format and the covalently bonded sol- gel coating helped
overcome the format-related shortcomings of conventional fiber SPME as well as the
thermal and solvent stability issues of traditional non sol- gel sorbent coatings.
In recent years, ionic liquids (ILs) (organic salts that melt at or below 100°C)
have gained popularity in a number of fields due to their perceived advantages over
traditional solvents. They are considered “green” solvents because they are remarkably
less hazardous than their conventiona l counterparts thanks to negligible vapor pressures,
low flammability, good thermal stability, “tunable viscosities,” low corrosion tendencies,
and varying degrees of solubility with water and organic solvents [18]. These properties
have led to the use of ILs in a variety of areas including green chemistry [19], organic
synthesis and catalysis [20-24], chemical industry [25], electrochemistry [26-29], amino
acid and peptide chemistry [30], carbohydrate chemistry [31], and in the preparation of
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microemulsions [32]. Several books and extensive reviews have been also published on
ionic liquids and their applications [33, 34].
ILs have also found applications in a number of areas in analytical chemistry,
including GC [35, 36], LC [37-40], countercurrent chroma tography [41], CE [42-45],
analytical spectroscopy [46], liquid- liquid extractions [47, 48], solid-phase extraction
[49], micro-solvent cluster extraction [50], SPME [51-53], single-drop microextraction
[54], and supercritical fluid extraction [55]. Extensive reviews have been published in on
IL applications in the areas of analytical chemistry [56, 57].
Recently, ILs have been used in the preparation of sol- gel materials [58-65]. In
sol-gel applications, ILs have served as solvents [58, 60, 64], pore templates [59, 61],
drying control chemical additives [62], and possibly as a catalyst [64]. In several cases,
ILs had significant effects on the porous structure of sol- gel materials [59, 62, 64],
reduction in cracking and shrinking [62, 63, 66] during solve nt evaporation from the solgel pores, and sol-gel reaction kinetics [62, 64, 67, 68].
Ionic liquid- mediated sol- gels have only seldom been used in analytical
separations. Yan and co-workers utilized IL-mediated sol- gel monoliths in CEC [63, 65]
for the separation of chiral molecules.

Racemic mixtures of naproxen [63] and

zolmitriptan [65] were analyzed using the IL- mediated sol- gel monoliths. In these cases,
1-butyl-3-methylimmidazolium tetrafluoroborate IL was used to assist in a nonhydrolytic sol- gel process to prepare molecularly imprinted silica-based monoliths. The
IL might have helped mitigate the sol- gel shrinking problem and acted as a template for
pores [63].
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In analytical microextraction, IL-mediated sol-gel hybrid organic- inorganic
sorbents look promising since they are likely to possess favorable material characteristics
such as porous morphology, enhanced surface area, improved stability, and thus better
extraction efficiency and superior sample preconcentration effects compared to currently
available extracting phases. However, this possibility has not yet been explored. In this
work, we investigated IL-mediated polydimethylsiloxane (PDMS), poly(ethylene glycol)
(PEG), poly(tetrahydrofuran) (PolyTHF), and Bis[(3- methyldimethoxysilyl)propyl]
polypropylene oxide (BMPO) sol-gel coatings for capillary microextraction. The effects
of two ionic liquids, trihexyltetradecylphosphonium tetrafluoroborate (TTPT) and Nbutyl-4- methylpyridinium tetrafluoroborate (BMPT), were studied on the physical
characteristics and CME performance of these sol- gel coatings. To the best of our
knowledge, ionic liquid- mediated sol-gel sorbents have not been previously utilized in
analytical microextraction.
3.2 Experimental
3.2.1 Equipment.
A Micromax Thermo IEC OM3590 microcentrifuge (Needham Heights, MA,
USA) was used for centrifugation of sol solutions. A Fisher model G-560 Vortex Genie
2 (Fisher Scientific, Pittsburgh, PA, USA) was used to mix sol solution ingredients. A
Barnstead model 04741 Nanopure deionized water system (Barnstead International,
Dubuque, IA, USA) was used to obtain 15.5 M? water. An oxy-acetylene torch (Smith
Equipment, Watertown, SD, USA) was used to flame-seal fused-silica microextraction
capillaries.

Sol-gel CME-GC experiments were carried out on a Shimadzu (Kyoto,

Japan) model GC-17 capillary gas chromatograph equipped with a flame ionization
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detector (FID) system. An in-house designed liquid sample dispenser [8] was used to
facilitate gravity- fed flow of aqueous samples through the sol- gel microextraction
capillary. A gas pressure-operated filling/purging device [69] was used to fill fused silica
capillaries with sol solutions, expel the sol solutions from, and to pass helium (He)
through, the capillaries. On-line data collection and processing were accomplished using
ChromPerfect for Windows (version 3.5) computer software (Justice Laboratory
Software, Denville, NJ, USA). A Hitachi model S-800 scanning electron microscope
(Hitachi, Tokyo, Japan) was used to obtain SEM images of the sol- gel coated fused silica
capillaries.
3.2.2 Chemicals and Materials.
Fused silica capillary (250 µm I.D.) with a protective polyimide external coating
was obtained from Polymicro Technologies (Phoenix, AZ, USA). Methylene chloride,
methanol, Kimwipes, polypropylene microcentrifuge tubes (2.0 mL), and glass
scintillation vials were purchased from Fisher Scientific. Trifluoroacetic acid (TFA, 99%)
was purchased from Acros Organics (Morris Plains, NJ, USA). Pyrene, decanol,
dodecanal, phenanthrene, hexanophenone, heptanophenone, methyltrimethoxysilane
(MTMS 98%), tetramethoxysilane (TMOS), tetraethoxysilane (TEOS, 99%), formic acid
(96%), PEG MW 600, and poly(methylhydrosiloxane) (PMHS) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). BMPO was purchased from Gelest (Morrisville,
PA, USA). Silanol-terminated PDMS was obtained from United Chemical Technologies
(Bristol, PA, USA). PolyTHF was a gift from BASF (Parsippany, NJ). TTPT and BMPT
were purchased from Fluka (Seelze, Germany).

85

3.2.3 Preparation of PDMS, PolyTHF, and BMPO Sol-Gel Solutions.
Table 3-1 presents the names and chemical structures of sol solution ingredients used to
prepare silica-based hybrid organic- inorganic PDMS, PolyTHF, and BMPO sol- gel
coatings. Compositional details of the prepared sol solutions are listed in table 3-2. ILmediated sol solutions were prepared in microcentrifuge tubes as follows: PDMS,
BMPO, or PolyTHF was individually weighed into a clean microcentrifuge tube in the
amount shown in table 3-2. In all cases, a mixture of 250 µL of methylene chloride and
50 µL of ionic liquid TTPT was added. Further, TEOS (50 µL) and PMHS (10 µL) were
added in sequence. In the case of PolyTHF and BMPO sol- gels no PMHS was added.
This was followed by the addition of 50 µL TFA 99%. After the addition of each
chemical ingredient, the solution was vortexed for 1 min to ensure thorough mixing. The
sol solution was further centrifuged for 4 minutes at 14000 rpm (18297×g).
supernatant was decanted into a clean microcentrifuge tube.

The

Sol-gels PDMS-no IL,

PolyTHF-no IL, and BMPO-no IL were prepared in a similar manner except that 300 µL
of CH2 Cl2 was used as solvent instead of a mixture of CH2 Cl2 (250 µL) and the IL, TTPT
(50 µL). An ionic liquid- mediated PEG sol-gel (PEG-IL) and a PEG sol- gel that did not
contain IL (PEG-no IL) were prepared in analogous manner using the ionic liquid BMPT
(147.8 µL), methanol (40 µL), water (25 µL), MTMS (100 µL), TMOS (50 µL) and
formic acid (61.8 µL).
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Table 3-1. Names, functions, and chemical structures of some sol-solution ingredients
used to prepare ionic liquid- mediated sol- gel CME coatings.
Ingredient

Function

Hydroxy-terminated
Poly(dimethylsiloxane)
(PDMS)

Sol- gel
active
organic
component

Poly(tetrahydrofuran)
250 (PolyTHF)

Bis [(3methyldimethoxysilyl)propyl]
Polypropylene Oxide
(BMPO)

Poly(ethylene glycol)
MW 600 (PEG)

Chemical Structure
CH3
HO

Si

CH 3

Sol- gel
active
organic
Ligand

O)n Si

O (Si

CH 3

CH3

CH 3

OH

CH3

HO [(CH2)4 O]n H

Sol- gelactive
organic
component

OCH3
H3C Si

OCH3

(CH2 )3 O

CH2 CH O (CH2 )3 Si
CH3

OCH3

Sol- gel
active
organic
ligand

n

OCH3

HO-(CH2 -CH2 -O)n-H

(CH2)5CH3

Trihexyltetradecylphosphonium
Tetrafluoroborate
(TTPT)

4-Methyl-Nbutylpyridinium
tetrafluoroborate
(BMPT)

Methylene chloride

H3C(CH2)5

Co-solvent

P+

(CH2)5CH3

(CH2)13CH3 BF4-

N+
F

Co-solvent

F

BF

Co-solvent

CH2 Cl2
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F

CH3

Table 3-1 continued
OCH2 CH 3

Tetraethyl orthosilicate
(TEOS)

Sol- gel
precursor

CH3 CH 2O

Si

OCH2 CH3

CH3

Poly(methylhydrosiloxane) (PMHS)

Trifluoroacetic Acid
(TFA) 99%

OCH 2CH 3

CH3

Deactivating H3 C Si O (Si
agent
CH3

Catalyst

H

CH 3
O)n Si

CH3

CH3

CF3 COOH

Table 3-2. Compositions of sol- gel with TTPT ionic liquid: (PDMS-IL, PolyTHF-IL, or
BMPO-IL) and without the ionic liquid (PDMS-no IL, PolyTHF-no IL, or BMPO-no IL)
used to prepare microextraction capillaries.
Sol-gel PDMS
Coating
Ingredient
PDMS(g)
BMPO (g)
PolyTHF (g)
TTPT (µL)
CH2 Cl2 (µL)
TEOS (µL)
PMHS (µL)
TFA 99%
(µL)

with IL
0.0505
0
0
50
250
50
10
50

no IL
0.0510
0
0
0
300
50
10
50

Sol-gel PolyTHF
Coating
with IL
0
0
0.025
50
250
50
0
50
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no IL
0
0
0.025
0
300
50
0
50

Sol-gel BMPO
Coating
with IL
0
0.0507
0
50
250
50
0
50

no IL
0
0.0502
0
0
300
50
0
50

3.2.4 Preparation of Ionic Liquid-Mediated Sol-Gel Microextraction Capillaries.
The supernatant of the centrifuged sol solution was immediately utilized to coat
the capillaries. For each sol- gel composition, a hydrothermally treated [70] fused silica
capillary (50 cm × 250 µm I.D.) was installed on a home-built filling/purging device [69].
The capillary was filled with the sol solution under 20 psi (1.38 × 105 Pa) of He pressure.
After several drops of the coating sol solution dripped out of the capillary, its exit end
was sealed with a rubber septum. The solution was allowed to reside inside the capillary
for 20 min to facilitate the formation of a surface-bonded sol- gel coating. After this incapillary residence period, the rubber septum was removed from the capillary end and the
un-bonded bulk sol solution was expelled from the capillary under helium pressure.
For the TTPT ionic liquid-mediated sol- gel coatings, the capillaries were purged
under 20 psi (1.38 × 105 Pa) helium pressure for 60 min prior to thermal conditioning
which was somewhat different for coatings with different organic ligands. The sol- gel
PDMS coated capillaries were thermally conditioned in a GC oven under He purge (1
mL/min) from 40°C to 300°C at 1°C/min and was held at 300°C for 300 min. The
PolyTHF and BMPO sol- gel coated capillaries were conditioned to a final temperature of
250°C and 280°C, respectively, using the same temperature program. The conditioned
capillaries were rinsed with 2 mL of 1:1 v/v CH2 Cl2 /CH3 OH mixture to remove any
residual IL or its decomposition products. The capillaries were further dried under helium
purge in a GC oven by raising the temperature from 40°C to 300°C (for PDMS), 250°C
(for PolyTHF), or 280°C (for BMPO) at a rate of 10°C/min and holding at the final
temperature for 30 minutes.
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For the BMPT ionic liquid- mediated sol-gel PEG capillaries were flame-sealed
with an oxy-acetylene torch, and then thermally conditioned in a GC oven from 40°C to
110°C at 5°C/min holding at 110°C for 100 min. Following this, the ends of the
capillaries were cut open with an alumina wafer, and rinsed with 2 mL a mixture of
CH2 Cl2 /CH3 OH (1:1 v/v) using 5 psi (3.45 × 104 Pa) pressure in the filling/purging
device to remove any remaining ionic liquid. The capillaries were further conditioned
under He purge (1mL/min) in a GC oven by programming the temperature from 40°C to
250°C at 1°C/min, and was held at 250°C for 120 min.
The sol- gel coated capillaries prepared without ionic liquid (TTPT or BMPT)
were thermally conditioned analogous to their IL- mediated counterparts for comparative
purposes. The conditioned sol- gel capillaries were then cut into 11-cm long pieces that
were further used for capillary microextraction.
3.2.5 Sol-gel CME-GC Analysis.
For CME-GC analysis, aqueous samples were prepared using compounds form
various chemical classes (aliphatic alcohols, aliphatic aldehydes, aromatic ketones, and
polycyclic aromatic hydrocarbons (PAHs)). For each analyte, a stock solution (10
mg/mL) was prepared in methanol and was stored in a surface deactivated 6 mL glass
scintillation vial. Fresh aqueous samples were prepared prior to extraction by further
diluting these stock solutions with DI water to ng/mL levels. CME was performed as
previously described [8]. Briefly, an 11-cm long sol-gel coated microextraction capillary
was vertically connected to the bottom of the empty gravity- fed sample dispenser [8].
Liquid sample (15 mL) was then loaded into the dispenser from the top and allowed to
flow through the capillary under gravity for 45 minutes.
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The capillary was then

disconnected from the dispenser and any remaining solution was removed from the
capillary by touching the end of the capillary with Kimwipes tissue paper.

The

microextraction capillary was then installed in the GC injector such that approximately 9
cm of the sol- gel capillary remained inside the GC injection port previously cooled down
to 40°C, and approximately 2 cm of it protruded into the GC oven.

This was

accomplished by providing a gas-tight connection of the capillary with the lower end of
the injection port with the help of a nut and a graphite ferrule. The lower free end of the
microextraction capillary, located inside the GC oven, was connected to one end of a
two-way press- fit fused silica connector.

Further, a Restek Crossbond 14%

cyanopropylphenyl-86% PDMS 15 m × 0.25 mm I.D. GC column inlet was attached to
the other end of the connector. The extracted analytes, residing in the sol- gel coating of
the microextraction capillary, were then thermally desorbed from the capillary by rapidly
raising the temperature (60°C/min) of the injection port from 40°C to 300°C for the solgel PDMS, from 40°C to 250°C for the sol- gel PEG and PolyTHF, and from 40°C to
280°C for the sol- gel BMPO coated microextraction capillaries. Desorption of the
analytes was performed in the splitless injection mode, keeping the split closed for the
entire CME-GC analysis. The desorbed analytes were swept onto the GC column by the
carrier gas flow and were focused at the inlet of the GC column maintained at 35°C.
Following this, the GC oven temperature was programmed from 35°C (1 min) to 270°C
at a rate of 20°C/min to achieve separation of the extracted analytes transferred to the GC
column. The column was held at a final temperature of 250°C when sol- gel PEG or
PolyTHF microextraction capillaries were used. Analytes were detected using FID at
350°C.
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3.3 Results and discussion
3.3.1. Sol-Gel Immobilization of the CME Coatings.
The chemical ingredients used to prepare the coating solutions for the capillaries
are listed in table 3-1. The main reactions that take place in the sol solution include
hydrolysis of the sol- gel precursor(s) and polycondensation of sol- gel active species [71].
These reactions occur simultaneously and are affected by various experimental factors
such as water content, type of catalyst used, precursor identity, nature of solvent(s) and
other additives (e.g. organic molecules), etc. [72]. In this case, TFA was used as the
catalyst for sol- gel PDMS, PolyTHF, or BMPO coatings, while formic acid was used as a
catalyst for the sol- gel PEG coatings. No extra water was added to the systems that
utilized TTPT as (1) it created a phase separation in PDMS-IL and (2) sol- gel systems
that contained BMPO gelled instantly in its presence. It is reasonable to assume that
small amounts of water present in the TFA and the methylene chloride have contributed
to the initiation of sol- gel precursor hydrolysis. Water, generated from the condensation
of those hydrolyzed products, could have further facilitated the hydrolysis reaction.
Fragments of the sol- gel networks evolving in the vicinity of the fused silica capillary
inner walls had the opportunity to become covalently bonded to it via condensation
reactions with silanol groups on the fused silica capillary inner surface (Figure 3-1A-B).
3.3.2 Ionic Liquid-Mediated Sol-Gel PDMS Microextraction Capillaries.
3.3.2.1 Morphology of Sol-gel PDMS Coated Microextraction Capillaries.
Scanning electron microscopy (SEM) was used to investigate the morphology of
the PDMS-IL and PDMS-no IL sol-gel coatings (Figure 3-2A and 3-2B).
mediated sol- gel microextraction capillaries were rinsed with a 2 mL mixture of
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The IL-

(A)

(B)
Figure 3-1. Polycondensation of 3D sol-gel network to fused silica capillary wall: (A)
PDMS and (B) BMPO.

methylene chloride and methanol prior to aquiring SEM images. Rinsing cleaned the
coated surface of any debris left from thermal conditioning. Since the analytical data was
collected after rinsing, it is obvious that the all of the sol-gel coatings survived rinsing
and were solvent stable. As the SEM images show, the ionic liquid-mediated sol- gel
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coating (figure 3-2A) appears to have a more porous texture than the PDMS-no IL
coating (figure 3-2B). This is an indication that the IL TTPT affected the structure of the
overall sol-gel.
3.3.2.2 Role of Ionic Liquids in the Sol-Gel System.
ILs were used as co-solvents and as porogens in the sol- gel system. Advantages of using
ILs as solvents for reactions include their ability to be recycled, high thermal stability,
and the improved stability of reactants in ILs [61]. Advantages of using ILs as porogens
instead of organic molecules in sol- gel systems include the affect that the cation and the
anion portions of the IL have on pore structure and distribution [59, 62, 73, 74], and the
ability of ILs to decompose from sol- gel systems without leaving residues behind [62].
Our investigation revealed that in the case of the PDMS sol- gels, the addition of
phosphonium-based IL, TTPT, slowed down the gelation by about 1.5 hours in
comparison with the sol- gel that did not contain the IL. These results are in agreement
with those of Karout and Pierre [64] who also observed an increase in gelation time due
to the increase in relative amounts of pyridinium-based and imidazolium-based ILs in
sol-gel systems.

The slower gelation in the ionic liquid-mediated sol-gels can be

attributed to the increased viscosity of the sol solution due to the addition of the IL. The
kinematic viscosity of TTPT is 1117.80 mm2 s-1 [75] compared to that of methylene
chloride whic h is 0.3298 mm2 s-1 [76]. Further, it is reasonable to assume that the IL did
not play a role in extractions since the thermal decomposition temperature of TTPT is
190°C [75], and the ionic liquid- mediated sol- gel PDMS microextraction capillaries were
heated in an inert environment to 300°C.

Therefore, it can be safely assumed that

duringthermal conditioning, the IL had decomposed and the decomposition products
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(A)

(B)
Figure 3-2. Scanning electron microscopic images of cross-sections of 250 µm I.D. (A)
sol-gel PDMS-IL (22000×) and (B) sol- gel PDMS-no IL (20000×) coated
microextraction capillaries.
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were at least partially removed from the capillary with the purging helium flow. Any
remaining products of the decomposition were further removed from the capillary during
the rinsing step.
3.3.2.3 CME-GC analysis using sol-gel PDMS coated microextraction capillaries.
The preconcentration abilities of the two types of sol- gel PDMS capillaries
(PDMS-IL and PDMS-no IL) were compared to determine the effect of the IL on the
resulting sol- gel sorbent. Extraction of an aqueous sample containing 125 ppb dodecanal,
100 ppb heptanophenone, and 50 ppb pyrene was performed on the two types of sol- gel
capillaries.

Figures 3-3 shows two chromatograms representing extraction results

obtained on sol-gel PDMS-IL and sol- gel PDMS-no IL capillaries, respectively. These
chromatograms show that the sol- gel PDMS-IL coating provided significantly higher
extraction utility than the PDMS-no IL. This, in turn, translates into lower detection
limits for the sol- gel PDMS-IL microextraction capillary (Table 3-3). Run-to-run and
capillary-to-capillary repeatability data was collected for each analyte on the two types of
capillaries in individual CME-GC experiments (Table 3-3).

In all repeatability

experiments, 500 ng/mL dodecanal, 200 ng/mL heptanophenone, and 50 ng/mL pyrene
aqueous samples were individually extracted using the two types of capillaries. Run-torun GC peak area repeatability data was collected by extracting the sample analytes in
individual experiments on each type of capillary using three replicate measurements. For
all three analytes, the sol- gel PDMS-IL coated capillary provided consistent run-to-run
RSD values between 4.0% and 5.0%. On the other hand, quite scattered RSD values
(2.76% for pyrene, 6.45% for heptanophenone, and 14.1% for dodecanal) were obtained
for the same analytes using the sol- gel PDMS-no IL coated capillary. This coating also
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Figure 3-3. Comparison of CME-GC analysis of 125 ppb dodecanal, 100 ppb
heptanophenone, and 50 ppb pyrene on sol-gel PDMS-no IL (bottom) and sol- gel
PDMS-IL (top) microextraction capillaries. Extraction conditions: 11 cm × 0.25 mm
I.D. microextraction capillary; extraction time, 45 min (gravity fed at room temperature).
Other conditions: 15 m × 0.25 mm I.D. Restek Crossbond 14% cyanopropylphenyl-86%
PDMS coated GC column; splitless desorption; injector temperature was 300°C;
programmed temperature GC run from 35°C (1 min) to 270°C at a rate of 20°C/min;
helium carrier gas: FID 350°C. Peaks: (1) dodecanal, (2) heptanophenone, and (3) pyrene
for both chromatograms.
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Table 3-3. Peak area repeatability and limit of detection data for dodecanal (200 ppb
sample), heptanophenone (100 ppb sample), and pyrene (50 ppb sample) extracted from
aqueous samples using three replicate measurements by CME-GC using sol-gel
immobilized PDMS microextraction capillaries prepared with (A) and without (B) ionic
liquid.

Run-to-Run Repeatability (n = 3)

Analyte

Dodecanal
Heptanophenone
Pyrene
* Arbitrary unit

Sol-Gel A
Mean
Peak
RSD
Area*
(%)
129.0
5.0
265.3
4.2
69.6
4.5

Sol-Gel B
Mean
Peak
RSD
Area*
(%)
4.6
14.1
17.2
6.4
45.5
2.8

Detection Limits
(S/N=3)
Sol-Gel A Sol-Gel B
(ng/L)

(ng/L)

17.4
3.9
3.2

487.0
52.3
4.9

provided worse limits of detection for all three analytes. Both sol- gel PDMS-IL and solgel PDMS- no IL coated capillaries provided significantly higher detection limits for
dodecanal compared to pyrene and heptanophenone. It appears that the affinity of both
sol-gel coatings for the aldehyde was unusually poor. Currently, this aspect of uncanny
extraction behavior is being investigated.
Capillary-to-capillary reproducibility data was obtained by extracting each sample
in triplicate onto six individually prepared capillaries: three PDMS-IL and three with
PDMS-no IL capillaries.

This data characterized the reproducibility of the sol- gel

coating method. The coatings prepared with ionic liquid (PDMS-IL) provided excellent
capillary-to-capillary repeatability. Peak area RSD values of 2.26%, 0.15%, and 4.07%
were obtained for dodecanal, heptanophenone, and pyrene, respectively. The sol- gel
coating prepared without ionic liquid (PDMS-no IL) provided RSD values of 7.79% for
heptanophenone and 9.72% for pyrene.

Repeated extractions were made on the
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capillaries without deterioration of performance over a period of 9 months. Furthermore,
the coating is solvent stable and can be rinsed to ensure consistent performance. In
CME-GC experiments, both types of sol-gel PDMS capillaries provided limits of
detection (using a signal to noise ratio of 3) in the ng/L range. However, the sol- gel
PDMS-IL microextraction capillary provided better detection limits (3.2 – 17.4 ng/L)
than the sol-gel PDMS- no IL capillary (4.9 – 487.0 ng/L). This is likely because the solgel PDMS-IL capillary had a more porous morphology (Figure 3-2), and thereby
provided a higher surface area for sorption.

These results clearly suggest that the ionic

liquid had a positive effect on the extraction ability of the sol- gel PDMS coating.
Furthermore, PDMS sol- gel coatings are known to be thermally stable beyond 350°C
[77].
Since CME is a non-exhaustive equilibrium extraction technique [4], it is
important to determine the time required for the analyte to reach a sorption/desorption
equilibrium between the sol- gel coating and the sample. In this work, we compared the
extraction profiles of the PDMS-IL and PDMS- no IL capillaries using heptanophenone
(Figure 3-4A) and phenanthrene (Figure 3-4B) as test solutes. The extraction profiles
(Figure 3-4) indicate that the PDMS-IL coating had a higher capacity, but the equilibrium
is reached at a slower pace than on sol- gel PDMS- no IL coating. The extraction time
required for the curve to reach the plateau indicates the onset of extraction equilibrium.
In the case of PDMS-no IL extraction time was reached in 10-15 min for both analytes,
but in the case of PDMS-IL the equilibrium was attained at about 60 min for both
analytes. Thus, fewer experiments were required for PDMS-no IL since the equilibrium
time was reached quickly. This extraction behavior on the ionic liquid-mediated coating
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(A)

(B)
Figure 3-4. Extraction profiles of heptanophenone (A) and phenanthrene (B) extracted
on 11cm × 0.25 mm I.D. PDMS-IL and PDMS- no IL sol- gel coated
microextraction capillaries from an aqueous sample. Extraction conditions:
triplicate extraction at various time intervals; microextraction capillaries
were rinsed with 1:1 v/v CH2 Cl2 : methanol and dried at 300°C before each
extraction. GC analysis conditions: 15 m × 0.25 mm I.D. Restek Crossbond
14% cyanopropylphenyl-86% PDMS coated GC column; splitless
desorption; injector temperature was 300°C; programmed temperature GC
run from 35°C (1 min) to 270°C at a rate of 20°C/min; helium carrier gas:
FID 350°C.
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can be explained by the slow diffusion of analytes in the liquid filling the porous sol- gel
structure.
3.3.3 Ionic Liquid-Mediated Polar Sol-Gel Microextraction Capillaries: PEG,
PolyTHF, and BMPO.
Attempts were made to prepare ionic liquid-mediated polar sol- gel coatings based
on PEG and PolyTHF. The IL, BMPT, was used in conjunction with the sol- gel PEG
coating while the IL, TTPT, used to prepare the sol-gel polyTHF coating. Again, two
types of sol- gel coatings were prepared with each polymer: (a) PEG-IL and PolyTHF-IL
and (b) PEG-no IL and PolyTHF-no IL. SEM was used to investigate the morphology of
the sol- gel coated capillaries. Cross-sections of the capillaries showed that PEG-IL solgel coating (Figure 3-5A) appeared more porous than its counterpart prepared without IL
(Figure 3-5B). The same trend was observed for the sol- gel PolyTHF coatings: sol- gel
PolyTHF-IL (Figure 3-5C) coating seemed more porous than sol- gel PolyTHF-no IL
(Figure 3-5D) coating.
mediated sol- gels.

Reproducible coating thickness could be obtained with IL-

For example, three individually prepared PEG-IL sol- gel coated

capillaries had an average thickness of 5.8 microns with a standard deviation of 0.3
microns (an RSD value of 5.2%).
Sol- gel coatings with greater porous morphology obtained with the help of ILs
can be expected to provide better performance in extraction. However, extractions using
the ionic liquid- mediated PEG and the PolyTHF sol-gel porous coatings showed that this
was not the case. The PEG-no IL (Figure 3-6 top) and the PolyTHF-no IL (Figure 3-7
top) coated microextraction capillaries provided better performance in CME-GC. A peak
area for 100 ppb decanol extracted on the sol-gel PEG-IL coating was 72329 arbitrary
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(A)

(B)
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(C)

(D)
Figure 3-5. Scanning electron microscopic images of cross-sections of 250 µm I.D. (A)
sol-gel PEG-IL (12000×), (B) sol-gel PEG- no IL (15000×), (C) sol- gel
PolyTHF-IL (500×), (D) sol- gel PolyTHF-no IL (350×) coated
microextraction capillaries.
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Figure 3-6. Comparison of CME-GC analysis of 100 ppb decanol sol- gel PEG-IL
(bottom) and sol- gel PEG- no IL (top) microextraction capillaries. Extraction
conditions: Same as Figure 3-3. Other conditions: 15 m × 0.25 mm I.D.
Restek Crossbond 14% cyanopropylphenyl-86% PDMS coated GC column;
splitless desorption; injector temperature was 250°C; programmed
temperature GC run from 35°C (1 min) to 250°C at a rate of 20°C/min;
helium carrier gas: FID 350°C. Peaks: (1) decanol for both chromatograms.
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Figure 3-7. Comparison of CME-GC analysis of 500 ppb decanol, 500 ppb
hexanophenone, 200 ppb phenanthreme sol- gel PolyTHF-IL (bottom) and
sol-gel PolyTHF- no IL (top) microextraction capillaries. Extraction
conditions: Same as Figure 3-3. Other conditions: Same as Figure 3-6.
Peaks: (1) decanol, (2) hexanophenone, and (3) phenanthrene for both
chromatograms.
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units, and the peak area provided by the sol- gel PEG-no IL coating was 266681 arbitrary
units. As figure 3-7 shows, three analytes- decanol, hexanophenone, and phenanthrenewere poorly extracted on the PolyTHF-IL microextraction capillary (bottom) compared to
the PolyTHF-no IL capillary (top). It appears that while the sol- gel PEG-IL and
PolyTHF-IL coatings were more porous, they might have consisted mainly of silica with
only very small amounts of polymer incorporated into the sol-gel network resulting in
inferior extraction performance.
Even though, the PEG and the Poly-THF sol-gel coated capillaries were prepared
utilizing different ILs and different thermal conditioning methods, they both
demonstrated that a C-OH terminated polymer does not create effective sol- gel sorbents
when mediated by an IL. An important factor in this phenomenon is the lower reactivity
of the terminal hydroxyl groups on PEG and PolyTHF compared to silanol groups on
hydroxy-terminated PDMS and alkoxy groups on silica-based sol- gel precursors [78].
Because of higher reactivity of Si- OH and Si-OR groups compared with C-OH
groups, polycondensation reactions are likely to predominantly take place between
chemical species containing the sol- gel active Si-OH (silanol) and/or alkoxy silane
groups. Condensation reactions between a Si-OH or a Si-OR group and the terminal COH (hydroxyl group) of the polymers can be expected to occur less effectively.
Apparently, condensation of C-OH terminated polymers is slowed down even further or
is hindered when utilizing an ionic liquid in the sol-gel system. While the ILs help
develop porous morphology in coatings, they appear not to produce sol- gel coatings that
are effective at microextraction due to quantitative deficiency of bonded organic polymer
ligands. As was the case with the PDMS-based sol-gel sorbents, it can be assumed that
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the ILs played no role in extractions.

As mentioned, this is because TTPT decomposes

at 190°C [75], and the capillaries prepared with this IL were conditioned at temperatures
higher than 250°C, and they were rinsed with organic solvents before use. Although the
decomposition temperature of BMPT is 295°C [75], and the PEG capillaries prepared
with it were conditioned at a lower temperature, this IL was removed from the capillary
by rinsing with copious amounts of methylene chloride and methanol mixture.
In order to determine if in fact PEG and PolyTHF were not being incorporated
into the sol- gel network in the presence of an IL due to their low reactivity, we
investigated a sol- gel system that contained (instead of PEG or PolyTHF) bis[(3methyldimethoxysilyl)propyl] polypropylene oxide (BMPO)- a polymer with sol- gel
active methoxysilane termination and a flexible propylene oxide repeating unit (Table 31). To our knowledge, BMPO has not been utilized in the preparation of microextraction
coatings. It has, however, been used previously to synthesize hybrid inorganic-organic
polymer membranes [79]. In the present work, we investigated two types of sol- gel
BMPO coatings: (a) coatings prepared with the use of ionic liquid (TTPT) (BMPO-IL)
and (b) coatings prepared without the use of TTPT (BMPO-no IL) (Table 3-2). The ionic
liquid slowed the rate of gelation in the case of sol- gel BMPO system just like it did in
the sol-gel PDMS system. BMPO-IL sol solution gelled in more than 24 hours, and
BMPO-no IL gelled in 16 hours.
Unlike the IL- mediated PEG and PolyTHF sol- gel coated capillaries, the ILmediated BMPO sol-gel (Figure 3-8 top) coated capillaries could extract analytesdecanol, hexanophenone, and phenanthrene- with significantly higher extraction
efficiency than its non-IL counterpart (Figure 3-8 bottom). Compared to the BMPO-no IL
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Figure 3-8. Comparison of CME-GC analysis of 500 ppb decanol, 500 ppb
hexanophenone, and 200 ppb phenanthrene on sol- gel BMPO-no IL (bottom)
and sol- gel BMPO-IL (top) microextraction capillaries. Extraction
conditions: Same as Figure 3-3. Other conditions: 15 m × 0.25 mm I.D.
Restek Crossbond 14% cyanopropylphenyl-86% PDMS coated GC column;
splitless desorption; injector temperature was 280°C; programmed
temperature GC run from 35°C (1 min) to 270°C at a rate of 20°C/min;
helium carrier gas: FID 350°C. Peaks: (1) decanol, (2) hexanophenone, and
(3) phenanthrene for both chromatograms.
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sol-gel coating, the BMPO-IL sol- gel coating provided 3.6, 3.5, and 8.1 times more
efficient extractions for decanol, hexanophenone, phenanthrene, respectively.

Since

BMPO is a sol- gel active polymer that acquires Si-OH termination after hydrolysis, it
gets effectively bonded into the sol- gel network (figure 3-1B) even in the presence of IL
because of higher reactivity terminal silanol groups.
Limits of detection (using a signal to noise ratio of 3) for the investigated analytes
in CME-GC-FID analysis were determined to be in the ng/L range for the BMPO-IL and
BMPO-no IL capillaries. The BMPO-IL coating provided a limit of detection of 53.0
ng/L for decanol, 41.0 ng/L for hexanophenone, and 3.5 ng/L for phenanthrene. The
BMPO-no IL capillary provided a limit of detection of 186.0 ng/L for decano l, 137.0
ng/L for hexanophenone, and 27.0 ng/mL for phenanthrene. Thus, the sol-gel BMPO-IL
capillaries provided 3-5 times better detectoion limits than BMPO-no IL capillaries.
This work demonstrated the possibility of using ILs in the preparation of both
non-polar (PDMS) and polar (BMPO) sol-gel coating for CME. In both cases, the ILmediated sol- gel coatings had significantly better extraction performance than analogous
coatings prepared without ionic liquids. Thus, IL- mediated sol- gel coatings open new
possibilities for effective preconcentration of analytes since both polar and non-polar solgel coatings can be prepared with ionic liquid mediation. However, when preparing nonpolar or polar hybrid organic- inorganic sol- gel sorbents using ILs it is vital to chose
organic polymers and sol- gel precursors with similar sol- gel reactivity to ensure that the
organic polymers are effectively incorporated into the sol-gel network providing an
efficient sol-gel sorbent.
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3.4. Conclusion.
For the first time, IL- mediated sol- gel PDMS and BMPO coatings were
developed for use as immobilized sorbents in capillary microextraction. Ionic liquid
mediated sol- gel PDMS coatings provided consistent performance in CME-GC analysis
(run-to-run peak area RSD values of 4.2 to 5.0%) compared with sol- gel PDMS coatings
prepared without ionic liquid (2.8 to 14.1%). PDMS and BMPO IL- mediated sol- gel
coatings also provided lower detection limits (Table 3-3) compared to analogous sol- gel
coatings prepared without IL. Scanning electron microscopy results suggest that ILs, can
provide a porous morphology of sol- gel extraction media when it is incorporated in the
sol-gel coating solution. Enhancement of porosity alone was not enough to provide
effective extraction of analytes. Thus, careful choice of the polymer and precursor with
comparable sol- gel reactivity must be made when designing an IL-mediated sol- gel
sorbent in order to ensure that the created sol- gel coating inherently possesses the desired
sorbent characteristics.

IL- mediated sol-gel materials hold great potential for being

widely used as sorbents and stationary phases in separation science.
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CHAPTER 4:
IONIC LIQUID-MEDIATED BIS[(3-METHYLDIMETHOXYSILYL)PROPYL]
POLYPROPYLENE OXIDE-BASED POLAR SOL-GEL COATINGS FOR
CAPILLARY MICROEXTRACTION
4.1 Introduction
Hydrophilic polar analytes are notoriously difficult to extract and preconcentrate
from aqueous matrices. Sample preconcentration is of utmost importance in the trace
analysis of these recalcitrant analytes. A variety of extraction-based preconcentration
techniques have been utilized for this purpose [1]. With the current trend of
miniaturization in analytical instrumentation, microextraction techniques are gaining
popularity.

Microextraction techniques include solid phase microextraction (SPME)

[2,3], hollow fiber microextraction [4], single-drop microextraction [5], liquid-phase
microextraction

[6],

extraction

techniques

based

on

suspended

particles,

membranes/disks, coated vessel walls, etc. [7], and stir bar sorptive extraction (SBSE)
[8].
In particular, fiber SPME and in-tube SPME [9-11] capillary microextraction
(CME) [12] have experienced an explosive growth over the past two decades. The main
reason behind such growth lies in the fact that they provide “green extraction” by
completely eliminating the use of organic solvents in the extraction process.
Moreover, CME uses a sorbent coating located inside a small diameter tubing
either in the form of a surface coating or a packed/monolithic sorbent bed. Thus, analytes
are directly extracted onto the sorbent coating/bed from a sample as they pass through the
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tubing [9]. CME was originally developed to overcome difficulties encountered in fiber
SPME-GC with weakly volatile or thermally labile analytes [13] as CME could be easily
coupled with HPLC. CME also offers some other advantages over fiber SPME. SPME
fibers often have limited sample capacities. Higher sample capacities can be obtained
with CME because the sorbent coating/bed is contained within a longer segment of the
tube providing higher sorbent loading.

Fiber SPME devices also have issues with

mechanical stability - the fiber can break, the coating can be scratched, and the needle
can bend [14]. CME devices allow for superior mechanical stability because flexible
capillaries with outer protective coatings are utilized, providing safeguard against
mechanical damage to the sorbent or the tubing.
Traditional sorbents coatings used in early in-tube SPME devices consisted of GC
stationary phases [9]: a piece of GC capillary column with a stationary phase coating on
the inner walls was typically used as the extraction device. These sorbent coatings can be
problematic for in- tube SMPE applications since: (a) they are they are thin (typically submicrometer thickness) and therefore have low sample capacity and (b) they are typically
held on the capillary surface by physical forces of adhesion, and therefore, can have
issues with solvent and thermal stability. One way to overcome these issues is to use solgel materials as the sorbent coating [12,15]. Sol- gel coatings are advantageous because
they can be chemically anchored to the inner wall of fused silica tubing. Thus, sol- gel
sorbents are stable to high temperature and harsh solvents. Furthermore, sol- gel sorbents
can be tailored to the polarity of a specific analyte by using appropriate organic and
inorganic components. Polar sol- gel sorbents have been developed for in-tube SPME
including those based on cyano [16], crown ether [17], and poly(ethylene glycol) [12,18117

21] materials. While these sol- gel coatings have advanced the use of polar organic
polymers and achieve higher thermal and solvent stability, these coatings mostly
contained long-chain polymers of high molecular weights [12,18-20] having lower
polarity (compared to their short-chain counterparts), and thus, reduced ability to extract
highly polar analytes. For such capillaries, sample capacity can still be an issue [20].
One method to enhance sample capacity is to create sol-gel coatings with porous
morphology using porogenic agent(s) in the sol solution. Traditional porogenic agents
include organic solvents, polymers, surfactants, micelles, latex spheres, and inorganic
salts [22]. Recently, ionic liquids have been used as porogens and templates for sol- gel
materials [23-30]. Advantages of using ionic liquids as opposed to traditional types of
porogens include their low toxicity, high thermal stability, ultra low vapor pressures, and
their ability to be recycled [29]. Moreover, ILs can have significant effects on the porous
structure of sol- gel materials [24, 26, 31], reduction in cracking and shrinking [31-33]
during solvent evaporation from the sol- gel pores, and sol- gel reaction kinetics
[26,31,32]. In a previous work [34], we introduced IL-mediated sol- gel coatings for
capillary microextraction of nonpolar and moderately polar analytes.
In this work, we describe the use of a polar sol- gel active polymeric precursor,
BMPO (which contains a propylene oxide repeating unit and has a molecular weight of
500-900 mol/g) to create a surface-bonded organic- inorganic hybrid sol- gel coating
within a fused silica capillary to extract polar analytes. We report the use of two ionic
liquids (TTPT and MOIC) as porogens in the sol-gel BMPO system and illustrate the
analytical capability of IL-mediated sol-gel BMPO coatings to serve as the extracting
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phase in capillary microextraction of polar, nonpolar, and moderately polar analytes from
aqueous matrices.
4.2 Experimental
4.2.1 Equipment
Nanopure deio nized water (15.5 M? ) was acquired using a Barnstead model
04741 Nanopure system (Barnstead International, Dubuque, IA, USA). Sol solution
ingredients were mixed using a Fisher model G-560 Vortex Genie 2 (Fisher Scientific,
Pittsburgh, PA, USA). Sol solutions were centrifuged with a Micromax Thermo IEC
OM3590 microcentrifuge (Needham Heights, MA, USA). A gas pressure-operated
filling/purging device [35] was used to introduce a sol solution into, and to expel the
solutions from, fused silica capillaries.

A liquid sample dispenser [12] was used to

facilitate gravity- fed flow of aqueous samples through the sol- gel microextraction
capillary. A Shimadzu model GC-17 capillary gas chromatograph equipped with a flame
ionization detector (FID) (Shimadzu, Kyoto, Japan) was used for CME-GC experiments.
ChromPerfect for Windows (version 3.5) computer software (Justice Laboratory
Software, Denville, NJ, USA) was used for on- line data collection and processing. SEM
images were obtained with a Hitachi model S-800 scanning electron microscope (Hitachi,
Tokyo, Japan).
4.2.2 Chemicals and materials
The ionic liquids, TTPT and MOIC, were acquired from Fluka (Seelze,
Germany). BMPO was obtained from Gelest Inc. (Morrisville, PA).

Fused silica

capillary (250 µm I.D.) with a protective polyimide external coating was bought from
Polymicro Technologies (Phoenix, AZ). Trifluoroacetic acid (TFA, 99%) and alcohols
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(nonanol, decanol, and undecanol) were secured from Acros Organics (Morris Plains, NJ,
USA).

Phenols

(2,4,6-trichlorophenol,

2-tert-butyl-4-methoxyphenol,

pentachlorophenol), aliphatic acids (nonanoic acid, decanoic acid, and undecanoic acid),
aldehydes

(decanal,

heptanophenone,

undecanal,

decanophenone),

and

dodecanal),

anilines

ketones

(N-butylaniline,

(hexanophenone,

diphenylamine,

and

acridine), PAHs (acenaphthene, phenanthrene, and pyrene), tetraethoxysilane (TEOS,
99%), and PDMDPS were acquired from Sigma-Aldrich (St. Louis, MO, USA).
Methylene chloride, methanol, polypropylene microcentrifuge tubes (2.0 mL), and glass
scintillation vials (6 mL) were purchased from Fisher Scientific.
4.2.3 Preparation of sol-gel coating solutions
Briefly, 50 mg of BMPO or PDMDPS was weighed into a clean microcentrifuge
tube. A mixture consisting of 250 µL of methylene chloride and 50 µL of an ionic liquid,
TTPT or MOIC, was then added.

For comparative purposes, we also prepared sol

solutions that did not contain any IL. This was done in a similar manner except that
300 µL of CH2 Cl2 was used as the solvent instead of a mixture of methylene chloride
(250 µL) and an IL (50 µL). Then TEOS (50 µL) followed by 50 µL TFA 99% was
added to the respective sol solutions. To obtain a homogenous system, the sol solutions
were vortexed for 1 min after the addition of each compone nt. Sol solutions were
centrifuged for 4 minutes at 14000 rpm (18297×g). The supernatant was collected for
further use. Chemical structures of sol solution components are illustrated in table 4-1.
Table 4-2 details the compositions of the sol solutions used in this work.
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Table 4-1. Names, functions, and chemical structures of sol- gel ingredients.

Ingredient

Function

Bis [(3- methyldimethoxysilyl)propyl] Polypropylene
Oxide (BMPO)

Sol- gelactive
organic
component

Poly(dimethylsiloxane-codiphenylsiloxane),
dihydroxyterminated
(PDMDPS)

Sol- gelactive
organic
component

Chemical Structure
OCH3
H3C Si

OCH3

(CH2) 3 O

CH2 CH O

n

CH3

OCH3

(CH2) 3 Si

OCH3

CH3
HO

(Si-O)x

(Si-O)y H

CH3
(CH2)5CH3

Trihexyltetradecylphosphonium
Tetrafluroborate
(TTPT)

Co-solvent

H3C(CH2)5

P+

(CH2)5CH3

(CH2)13CH3 BF4(CH2 )7 CH3
N

1-Methyl-3-octylimidazolium
Chloride (MOIC)

Co-solvent

ClN+
CH3

Methylene chloride

Co-solvent

CH2 Cl2
OCH2 CH 3

Tetraethylortho silicate
(TEOS)

Sol- gel
precursor

Trifluoroacetic Acid (TFA)

Catalyst
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CH3 CH 2O

Si

OCH 2CH 3

OCH2 CH3

CF3 COOH

CH3

Table 4-2. Compositions of sol- gels with ionic liquid: (BMPO-TTPT, BMPO-MOIC,
and PDMDPS-MOIC) and without ionic liquid (BMPO-no IL and PDMDSP-no IL)
without ionic liquid used to prepare microextraction capillaries.

Ingredient
BMPO
(mg)
PDMDPS
(mg)
TTPT
(µL)
MOIC
(µL)
CH2 Cl2
(µL)
TEOS
(µL)
TFA 99%
(µL)

Sol-gel
BMPOTTPT
Coating

Sol-gel
BMPOMOIC
Coating

Sol-gel
BMPOno IL
Coating

Sol-gel
PDMDPSMOIC
Coating

Sol-gel
PDMDPSno IL
Coating

50

50

50

0

0

0

0

0

50

50

50

0

0

0

0

0

50

0

50

0

250

250

300

250

300

50

50

50

50

50

50

50

50

50

50

4.2.4 Preparation of sol-gel coated microextraction capillaries
Hydrothermally treated [36] fused silica tubing (50 cm × 0.25 mm i.d.) was
utilized to prepare sol-gel coated microextraction capillaries. The fused silica capillary
was set up in the filling/purging device [35]. Helium pressure (20 psi = 1.38 × 105 Pa),
was used to fill the capillaries with sol solution. The exit end of the capillary was sealed
with a rubber septum after several drops of the coating sol solution trickled out of it. The
solution was kept in the capillary for 20 min allowing a surface-bonded sol- gel coating to
form. Then any un-bonded sol solution was expelled from the capillary by purging with
20 psi (1.38 × 105 Pa) helium pressure for 60 min.
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The BMPO sol-gel capillaries (prepared with or without IL- mediation) were then
thermally conditioned under helium purge in a GC oven from 40°C to 280°C at 1°C/min
and were held at the final temperature for 300 min. The sol-gel PDMDPS capillaries
(prepared with or without IL- mediation) were thermally conditioned using a temperature
programming rate of 1°C/min to a final temperature of 300°C for 300 min.

The

conditioned capillaries were rinsed with 2 mL of 1:1 v/v methylene chloride/methanol
mixture and were dried under helium purge in a GC oven by programming the
temperature from 40°C to 280°C (for BMPO) or 300°C (for PDMDPS) at 10°C/min,
holding at a fina l temperature for 30 minutes. The finished sol- gel coated capillaries
were then chopped into 11-cm long pieces; they were further used for CME.
4.2.5 Sol-gel CME-GC analysis
Stock solutions (10 mg/mL) of test analytes from various chemical classes
(phenols, acids, amines, alcohols, aldehydes, ketones, and PAHs) were prepared in
methanol and were stored in glass scintillation vials.

Aqueous test samples were

prepared by diluting the stock solutions to ng/mL levels with Nanopure water. CME
experiments were conducted as earlier detailed [12]. Briefly, an 11-cm long sol- gel
coated microextraction capillary was vertically connected to the bottom of the empty
gravity- fed sample dispenser [12]. Liquid sample (15 mL) was allowed to flow through
the sol- gel microextraction capillary under gravity for 45 minutes. Following this, the
capillary was removed from the dispenser, and the microextraction capillary was installed
in the GC injector. About 9 cm of the sol-gel capillary was contained inside the GC
injectio n port (which was held at 40°C). Only a 2- cm segment of the capillary remained
in the GC oven. This was enabled by a gas-tight connection of the capillary to the lower
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end of the GC injection port. The portion of the microextraction capillary that was inside
the GC oven was connected to one end of a two-way press-fit fused silica connector. The
inlet of a Restek Crossbond 14% cyanopropylphenyl-86% PDMS GC column (15 m ×
0.25 mm i.d.) was coupled to the other end of the connector. Analytes that were
extracted onto the sol-gel coating of the microextraction capillary were then thermally
desorbed from the capillary. This was accomplished by rapidly raising the temperature
(60°C/min) of the injection port from 40°C to 280°C for the sol- gel BMPO and to 300°C
for the sol- gel PDMDPS coated microextraction capillaries. Analytes were desorbed in
the splitless injection mode, and the split was kept closed for the entire CME-GC
analysis. The mobile phase transferred the desorbed analytes onto the GC column, and
they were focused at the inlet of the GC column maintained at 35°C. The GC oven
temperature was then programmed from 35°C (1 min) to 270°C at a rate of 20°C/min to
achieve chromatographic separation of the desorbed analytes that were further detected
by an FID maintained at 350°C.
4.3 Results and discussion
4.3.1 Sol-gel immobilization of the CME coatings
The chemical ingredients used to prepare the sol- gel coating solutions are listed in
table 1. Trifluoroacetic acid was used in sol solutions to catalyze the sol-gel reactions.
Trace amounts of water in the TFA and the methylene chloride was enough to initiate the
hydrolysis reaction. Sol- gel reactions allowed polymeric chains of BMPO or PDMDPS to
become chemically incorporated in the sol- gel network as an organic component of the
organic- inorganic hybrid coating, and also to covalently anchor the coating to the inner
surface of a fused silica capillary. Portions of the sol-gel BMPO (Figure 4-1A) or
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Si OH
Si OH
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Si OH

CH3
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O Si
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Wall bonded sol- gel BMPO coating
(A)

Si

OH

Si

OH

Si

OH

O
HO

+

CH3

Si

O

(Si-O)x

O

OH

Si

O

Si

OH

Catalyst
H

CH3

O

Si

(Si-O)y

CH3

Si

O

(Si-O)x

(Si-O)y H

CH3

O

Wall bonded sol- gel PDMDPS coating
(B)

Figure 4-1. Polycondensation of 3D BMPO (A) and PDMDPS (B) sol- gel network to
fused silica.
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PDMDPS (Figure 4-1B) networks evolving near the fused silica capillary inner walls had
the opportunity to become covalently bonded to it via condensation reactions with silanol
groups on the capillary inner surface.
4.3.2 Ionic liquid-mediated sol-gel microextraction capillaries
In this work, the effects of the presence of two ILs (TTPT or MOIC) in the sol- gel
coating solutions on the morphology and extraction behavior of the resulting hybrid
organic- inorganic sol- gel sorbents utilized in capillary microextraction were investigated.
Extraction of an aqueous sample containing 500 ppb decanol, 500 ppb hexanophenone,
and 200 ppb phenanthrene was performed on microextraction capillaries with different
ionic liquid- mediated sol- gel coatings (TTPT- mediated BMPO, MOIC-mediated BMPO,
and MOIC-mediated PDMDPS). For comparison, the same extraction experiments were
performed on sol- gel capillaries prepared without the mediation of ILs (BMPO-no IL and
PDMDPS-no IL). The MOIC- mediated sol- gel BMPO coating (Figure 4-2A) and TTPTmediated sol- gel BMPO coating (Figure 4-2B) were both able to provide more efficient
extractions than the BMPO-no IL sol- gel coating (Figure 4-2C). Likewise, the MOICmediated sol- gel PDMDPS coating (Figure 4-3 bottom) provided a superior extraction
performance compared to the PDMDPS- no IL coating (Figure 4-3 top). Clearly, the ILs
had an explicit effect in on the extraction capability of the prepared sol- gel sorbents.
Both non-polar (PDMDPS) and moderately polar (BMPO) sol- gel sorbent coatings can
be prepared following the described procedure. However, in the case of BMPO-based
sol-gels, the MOIC-mediated sol- gel BMPO coated capillary (Figure 4-2A) provided
better extraction performance than TTPT- mediated sol- gel BMPO coated capillary
(Figure 4-2B). The MOIC-mediated sol- gel BMPO coated microextraction capillary
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(A)

(B)

(C)
Figure 4-2. Comparison of CME-GC analysis of 500 ppb decanol, 500 ppb
hexanophenone, and 200 ppb phenanthrene on (A) MOIC- mediated sol- gel
BMPO, (B) TTPT- mediated sol- gel BMPO; and (C) sol- gel BMPO-no IL
microextraction capillaries. Extraction conditions: 11 cm × 0.25 mm i.d.
microextraction capillary; extraction time, 45 min (gravity fed at room
temperature). Other conditions: 15 m × 0.25 mm i.d. Restek Crossbond 14%
cyanopropylphenyl-86% PDMS coated GC column; splitless desorption;
injector temperature was 280°C; programmed temperature GC run from
35°C (1 min) to 270°C at a rate of 20°C/min; helium carrier gas: FID 350°C.
Peaks: (1) decanol, (2) hexanophenone, and (3) phenanthrene for all
chromatograms.
127

Figure 4-3. Comparison of CME-GC analysis of 500 ppb decanol, 500 ppb
hexanophenone, and 200 ppb phenanthrene on MOIC-mediated sol- gel
PDMDPS (bottom) and sol-gel PDMDPS- no IL (top) microextraction
capillaries. Extraction conditions: 11 cm × 0.25 mm i.d. microextraction
capillary; extraction time, 45 min (gravity fed at room temperature). Other
conditions: 15 m × 0.25 mm i.d. Restek Crossbond 14%
cyanopropylphenyl-86% PDMS coated GC column; splitless desorption;
injector temperature was 300°C; programmed temperature GC run from
35°C (1 min) to 270°C at a rate of 20°C/min; helium carrier gas: FID 350°C.
Peaks: (1) decanol, (2) hexanophenone, and (3) phenanthrene for all
chromatograms.
provided enhanced GC peak areas, and the enhancement factors were 1.5 for decanol, 2.3
for hexanophenone, and 2.1 for phenanthrene.

4.3.3 Role of ionic liquids
ILs are known to act as porogens in sol- gel systems [23-30]. Thus, the ILmediated sol- gel coatings provided enhanced GC peak areas because they were more
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porous than the non-IL- mediated BMPO sol-gel. Furthermore, SEM investigation of the
morphology of the two BMPO sol- gel coatings revealed that the MOIC- mediated sol- gel
BMPO coating (Figure 4-4A) had a more porous morphology than the TTPT- mediated
sol-gel BMPO coating (Figure 4-4B). Enhanced GC peak areas provided by the MOICmediated sol- gel BMPO coating is indicative of a higher surface area of this coating
compared to the TTPT- mediated sol- gel BMPO coating. It has been pointed out [23], that
ILs with the same cation but different anions could have different effects on the porosity
of mesoporous silica materials. It has also been noted that pore size of silica gel can be
affected by variations of ILs [29]. Therefore, it is logical to assume that the structural
differences of the ionic liquids (Table 4-1) likely resulted in varying effects on porosity
of the sol- gel BMPO material.
Ionic liquids are green solvents [37] and have been used by separation scientists
as chromatographic stationary phases [38,39] and as extraction solvents [40]. One
important question that naturally arises is what role (if any) is played by the ionic liquids
in the CME extraction process using sol-gel coatings prepared with the mediation of an
IL (MOIC or TTPT). The answer becomes evident by looking into the decomposition
temperatures of the used ILs. The decomposition for both of these ILs takes place at
190°C [41,42].

Since the CME capillaries were thermally conditioned above

decomposition temperatures of these ILs (conditioning temperatures for sol- gel BMPO
and PDMDPS were 280°C and 300°C, respectively), it is safe to assume that the ILs had
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A

Sol-gel BMPOMOIC Coating

B

Sol-Gel BMPOTTPT Coating

Figure 4-4. Scanning electron microscopic images of cross-sections of 250 µm i.d. (A)
MOIC-mediated sol- gel BMPO (370×) and (B) TTPT-mediated sol- gel
BMPO (350×) coated microextraction capillaries.

decomposed and the decomposition products had been carried away from the capillary by
the purging flow of helium. Following this purging, the capillaries were rinsed with a
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mixture of 1:1 v/v CH2 Cl2 and CH3 OH and dried prior to use to ensure that any debris
formed on the surface of the sol- gel coating during heating as well as unbonded
chemicals were removed. Thus, it is logical to assert that the used ILs did not participate
in the extraction process and that extraction of analytes from the sample matrix occurred
by interaction with the organic- inorganic hybrid sol- gel coating.
4.3.4 Extraction profiles of various analytes obtaine d on MOIC-mediated sol-gel
BMPO microextraction capillary
Since the MOIC-mediated sol- gel BMPO coated microextraction capillary
provided the best extraction performance out of all of the prepared sol- gel coatings, we
further investigated these sol-gel coatings. Figure 4-5 illustrates the extraction profiles of
2-t-butyl-4-methoxyphenol, decanol, hexanophenone, and phenanthrene on the MOICmediated sol-gel BMPO microextraction capillary.

This IL- mediated sol- gel coating

provided a fast equilibrium time (5-10 minutes) for relatively polar compounds like 2-tbutyl-4- methoxyphenol, decanol, and hexanophenone and a slower equilibrium time (6070 minutes) for nonpolar analytes like phenanthrene. These results indicate that the
phenol, alcohol, and the ketone had a high affinity for the MOIC-mediated sol- gel BMPO
coating. Phenanthrene had a lower affinity for the IL-mediated sol- gel coating and was
extracted slower making the equilibration time longer. It was somewhat unexpected
considering the hydrophobicity of the PAH. From a practicality perspective, this is an
important, highly desirable result, considering the difficulties associated with the
extraction of polar analytes from aqueous matrices [1].
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Figure 4-5. Extraction profile for a mixture of decano l, hexanophenone, and
phenanthrene extracted on 11cm × 0.25 mm i.d. MOIC-mediated sol- gel
BMPO microextraction capillary from an aqueous sample. Extraction
conditions: triplicate extraction at various time intervals. GC analysis
conditions: 15 m × 0.25 mm i.d. Restek Crossbond 14%
cyanopropylphenyl-86% PDMS coated GC column; splitless desorption;
injector temperature was 280°C; programmed temperature GC run from
35°C (1 min) to 270°C at a rate of 20°C/min; helium carrier gas: FID 350°C.

4.3.5 Therma l stability of MOIC-mediated BMPO sol-gel coatings
The thermal stability of the MOIC-mediated sol- gel BMPO microextraction
coating was evaluated by conditioning the coated capillary stepwise at higher
temperatures and performing extractions on the capillary after every condit ioning step.
The MOIC-mediated sol- gel BMPO capillary was thermally conditioned stepwise for 1
hr each at 280°C, 290°C, 300°C, 310°C, 320°C, 330°C, 340°C, and 350°C in a GC oven
purging the capillary with helium (1 mL/min).

The GC peak areas of the extracted

analytes (decanol and hexanophenone) remained practically constant in this conditioning
process until 330ºC. A slight drop in GC peak area for the analytes was observed at
conditioning temperatures exceeding 330°C (Figure 4-6), indicating that the coating was
stable at least up to 330ºC. The reduction in GC peak area can be attributed to a change in
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the extraction performance of the BMPO polymer due to the onset of thermal
degradation. BMPO is a relatively low molecular weight (500-900 g/mol) polyalkylene
oxide material that demonstrated this remarkable thermal stability when used in the ILmediated sol- gel. By comparison, conventionally prepared coatings for a polyalkylene
oxide (e.g. PEG, Ucon, etc.) of similar molecular weight is unlikely to exceed 200-250°C
[43]. The excellent thermal stability is due to the strong chemical bonding between the
MOIC-mediated sol- gel BMPO coating and the inner walls of the fused silica capillary.
4.3.6 CME-GC analysis of various classes of compounds in aqueous samples using
MOIC-mediated sol-gel BMPO microextraction capillary
The sol-gel coating’s extraction ability was investigated using nonpolar (PAHs),
moderately polar (aliphatic aldehydes and aromatic ketones) (Table 4-3), and polar
(aliphatic alcohols, aromatic amines, phenols, and free fatty acids) (Table 4-4) test

Figure 4-6. Effect of conditioning temperature on the performance of MOIC-mediated
sol-gel BMPO microextraction capillary. CME-GC conditions: extraction
time, 45 min; 15 m × 0.25 mm i.d. Restek Crossbond 14%
cyanopropylphenyl-86% PDMS coated GC column; splitless injection;
injector: initial 40°C, final (mentioned on x-axis), programmed at a rate of
60°C/min; GC over temperature programmed temperature from 35°C (1
min) to 270°C at a rate of 20°C/min; helium carrier gas: FID 350°C.
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solutes.

For all of the studied analytes, run-to-run GC peak area relative standard

deviation (RDS) values were determined to evaluate the repeatability of CME with the
MOIC-mediated sol-gel BMPO coating. GC peak area RSD values ranged from 0.4% to
5.7% for the nonpolar/moderately polar compounds. The RSD values ranged from 0.3%
to 6.7% for the polar analytes.

These reasonably small RSD values translate into

excellent repeatability in CME performance of the MOIC- mediated sol- gel BMPO
coating for the classes of compounds investigated. This coating provided ng/L detection
limits for all the analytes - polar, nonpolar, and moderately polar. Furthermore, the solgel coating was solvent resistant since it was used in all extraction experiments after it
had been rinsed with organic solvents.
Capillary-to-capillary RSD values in GC peak areas of extracted analytes (which
is a measure of reproducibility of the coating procedure) was determined by obtaining
GC peak area values for decanol, hexanophonone, and phenanthrene extracted on three
individually prepared MOIC-mediated sol- gel BMPO microextraction capillaries. The
Table 4-3. Run-to-run repeatability (peak area) and detection limit data for non-polar
and moderately polar analytes in three replicate measurements by CME-GC using sol- gel
BMPO-MOIC coated microextraction capillaries.

Chemical
Class

Name of Analyte

PAH

Acenaphthene
Phenanthrene
Pyrene
Hexanophenone
Heptanophenone
Decanophenone
Decanal
Undecanal
Dodecanal

Ketone

Aldehyde

Mean Peak
Area
(arbitrary
unit)
77.5
395.3
232.8
93.0
176.4
216.2
39.2
55.3
114.7
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RSD (%)

1.8
5.7
4.5
2.6
2.4
4.5
0.4
3.2
2.3

Detection
Limit
S/N = 3
(ng/L)
11.6
2.3
1.9
24.2
12.8
6.2
69.0
40.6
19.6

Table 4-4. Run-to-run repeatability (peak area) and detection limit data for polar and
moderately polar analytes in three replicate measurements by CME-GC using sol-gel
BMPO-MOIC coated microextraction capillaries.

Chemical
Class

Name of Analyte

Alcohol

Nonanol
Decanol
Undecanol
N-Butylaniline

Aromatic
Amine

Phenol

Acid

Acridine
Diphenylamine
2,4,6Trichlorophenol
2-tert-Butyl-4methoxyphenol
Pentachlorophenol
Nonanoic Acid
Decanoic Acid
Undecanoic Acid

Mean Peak
Area
(arbitrary
unit)
59.9
53.8
182.8
32.8

6.6
1.7
6.7
5.9

Detection
Limit
S/N = 3
(ng/L)
60.1
41.8
12.3
109.8

116.0
188.0
23.5

2.6
0.3
2.2

31.0
19.1
153.3

39.7

4.3

90.7

55.1
10.9
32.6
111.3

0.3
5.0
4.0
3.1

65.3
330.5
110.3
32.4

RSD (%)

capillary-to-capillary GC peak areas obtained provided RDS values of 7.2% for decanol,
8.6% for hexanophenone, and 3.9% for phenanthrene. These RSD values are indicative
of acceptable reproducibility of the used sol- gel coating procedure.
4.4 Conclusion
IL- mediated sol- gel BMPO and PDMDPS coatings were developed for use as
immobilized sorbents in capillary microextraction. The ionic liquid-mediated sorbents
provided more efficient extractions and lower detection limits compared to analogous
sol-gel coatings prepared without IL.

The MOIC- mediated sol- gel BMPO coating

provided superior preconcentration performance than TTPT- mediated sol- gel BMPO
coating. SEM investigations revealed that the use of MOIC in the sol- gel system resulted
in a more porous morphology responsible for a more efficient extraction performance.
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The MOIC-mediated sol-gel BMPO coating provided consistent extraction results in
CME-GC analysis (run-to-run peak area RSD values ranged from 0.3% to 6.7%) for
nonpolar and polar analytes. The MOIC-mediated sol-gel BMPO coating was thermally
stable up to 330°C, and the coating had a high affinity for polar and moderately polar
compounds. The main advantage of the MOIC-mediated sol- gel BMPO coating was that
it provided fast extraction of polar analytes from aqueous media. Overall, the use of IL in
the preparation of sol- gel sorbents shows potential for producing stable, reliable, and
sensitive extraction media.
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CHAPTER 5:
TOWARDS A MICROCHIP-BASED SEPARATION SYSTEM:
CHALLENGES IN GLASS MICROFABRICATION
5.1 Introduction
Over the past several decades, a push towards miniaturization of traditional
analytical instrumentation has occurred with the objective being to create devices capable
operating in the field or in a point-of-care setting.

Through miniaturization, researchers

seek to incorporate sample introduction, separation, detection, and data output onto a
single microchip [1]. Such devices are termed “Lab-on-a-chip” and are also referred to
as "Micro Total Analysis Systems" (µTAS).

They are a division of Micro- Electro-

Mechanical Systems (MEMS) devices. Some advantages of “Lab-on-a-chip” devices
compared to traditional instrumentation include small sample consumption, decreased
sample processing time, increase in sample purity, a decrease in power consumption of
the instrument, and a potential increase in accuracy and precision of analysis [1].
In particular, miniaturized analytical separation instrumentation has been widely
investigated. The first micro separation system was a gas chromatograph fabricated on a
silicon (Si) wafer by Terry and co-workers in 1975 [2, 3]. Other microfluidic separation
systems include those based on liquid chromatography (LC) [4, 5], capillary
electrophoresis (CE) [6-8], and gas chromatography [9, 10]. Extensive reviews have
been published concerning these types of “Lab-on-a-chip” devices [11-14].
Specifically, microchip-based electrophoretic devices have been widely explored
due to the “inherent simplicity of fabrication, operation, and control of these devices” [4].
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CE is a separation technique that is based on electrokinetic phenomena. This transport
mechanis m is termed electroosmotic flow (EOF).

The use of EOF simplifies the

fabrication of the microfluidic devices because no complex pumps or valves need to be
micromachined [4]. The first demonstration of this technique in planar chip format was
accomplished in the early 1990s by Harrison and Manz [4, 7]. Another technique,
capillary electrochromatography (CEC), has the ability to separate both neutral and ionic
species. In CEC, ionic species are separated based on their mass to charge ratio (as is the
case with CE), and neutral species are separated based on the interaction of the analytes
with a stationary phase coating (as is the case with LC). The first demonstration of micro
electrochromatography (µ-EC) was accomplished in 1994 by Ramsey and co-workers
[9].
In general, silicon, glass, or polymer substrates can be used to fabricate
microfluidic devices. Silicon wafers are the most commonly used substrates for MEMS
devices because Si wafers are widely available and etching techniques are well
established.

However in the case electrophoretic devices, Si wafers are rarely used

because Si is a semiconductor; thus it can interfere with generation of EOF. Nitride
coatings have been used as insulators on Si wafers, but these films can breakdown
beyond 1200V [10]. Polymers such as PDMS [11] and PMMA [12] have been used to
develop electrophoretic devices.

While plastic substrates allow for complex device

fabrication, some polymers have poorly defined EOF, can adsorb hydrophobic analytes,
and their surfaces can be difficult to modify [13, 14].
Glass substrates include Pyrex, borofloat, fused silica, soda- lime, and quartz.
(From this point on we will use the term glass interchangeably with any of these types of
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substrates.) Glass substrates are widely used to prepare electrophoretic microfluidic
devices because they are insulators, biocompatible, reusable, their surfaces can be
modified by taking advantage of silanol chemistry, and some substrates (i.e. fused silica
and quartz) are transparent to the UV-Visible region and thus allow for on-chip optical
detection of analytes.

However, there are some drawbacks associated with glass

microfabrication including difficult etching processes, high temperatures required for
glass-to-glass bonding, and high wafer cost.
In this work, we attempted to developed microfluidic channels in Pyrex or fused
silica wafers using wet etching and deep reactive ion etching (DRIE). The aspects of the
etched channels were characterized, and the challenges associated with developing glass
microfluidic channels are discussed. The eventual use of the device will be as a µ-EC that
contains ionic liquid-mediated sol- gel sorbents as a stationary phase.
5.2 Experimental
5.2.1 Equipment and materials
A Laurel spinner (Laurel Technologies, North Wales, PA, USA) was used to coat
wafer with photoresist, and a Karl Suss mask aligner (Suss Microtec, Garching,
Germany) was used for photolithography. A Tencor Alpha 200 Automatic Step Profiler
(KLA-Tencor, Milpitas, CA, USA) was used to obtain profile readings of etched
channels. An Alcatel Adixen AMS 100 SE DRIE (Alcatel-Lucent, Paris, France) was
used to etch channels into wafers. A Hitachi model S-800 scanning electron microscope
(Hitachi, Tokyo, Japan) was used to obtain SEM images of etched fused silica
microfluidic channels. A Despatch oven (Despatch Industries, Minneapolis, MN, USA)
was used to bake wafers. An ArtCut M40 CO2 laser engraver (MBKP, Albuquerque,
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NM, USA) was used to create through holes in the wafers. AZ 4620, AZ400K, and
AZ300T were purchased from Clariant (Charlotte, NC, USA). Fused silica wafers (4”
i.d., 500 micron thickness) and Pyrex 7740 wafers (2” i.d., 500 micron thickness) were
purchased from Universitywafer (South Boston, MA, USA). Hydrofluoric acid (HF) and
hexamethyldisilazane (HMDS) was purchased from Sigma-Aldrich (St. Louis, MO,
USA).
5.2.2 Fabrication of microfluidic channels
5.2.2.1 Pyrex wafers
Microfluidic channels fabricated on a Pyrex 7740 wafer using a CAD designed
mask with serpentine and spiral channels (figure 5-1). The wafer was cleaned with
acetone, methanol, and water before use. Then the wafer was annealed at 450°C for
1min. Nickel (Ni) (20 nm) and gold (Au) (200 nm) metal layers were thermally
evaporated onto the wafer. HMDS and S1813 positive photoresist were sequentially
spun onto the wafer at 5000 rpm for 60 sec. The wafer was exposed fo r 6 sec using a
Karl Suss mask aligner at an intensity of 25 mW/cm2 , and it was developed for 20 sec in
MF 319. The exposed metal layers were stripped, and the backside of the wafer was
protected with chromium (Cr) (15 nm) and Au (200 nm) layers. The Pyrex wafer was
etched under sonication (10 min) in a dilute hydrofluoric acid solution (15% HF). The
remaining metal layers were stripped and the wafer was inspected with an Olympus
microscope. The process flow is shown in figure 5-2.
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Figure 5-1. CAD designed mask: serpentine (left) and spiral (right)

A

E

B
F

C

D

glass

G

Au/Cr

Photoresist

Figure 5-2. Process flow for wet etching of Pyrex wafers. (A) Au/Cr deposition; (B)
photoresist deposition; (C) photoresist patterning; (D) development of
exposed photoresist; (E) aqua regia/Cr etch to remove Au/Cr layer for
etching, and then protection of backside with Au/Cr; (F) HF wet etch; and
(G) stripping of photoresist and Au/Cr.

143

5.2.2.2 Fused silica wafers
Two wafers were cleaned with acetone, methanol, water, and were blow dried
prior to use. A Laurel spinner was used to (1) apply a layer of HMDS onto the wafers at
3500 rpm for 30 sec, and (2) a layer of AZ4620 photoresist onto the wafers at 500 rpm
for 10 sec followed by 1500 rpm for 60 sec. The wafers were then soft baked for 20 min
in an oven at 90°C. The wafers were exposed to a CAD designed mask (figure 5-3) using
the Karl Suss mask aligner for 55 sec at an intensity of 25 mW/cm2 . The wafers were
developed for 3.5 min in a mixture of 250 mL of AZ400K to 150 mL of water. The
wafers were hard baked at 90°C for 20 min, and an edge bead removal was performed
prior to etching. Wafers were loaded into the DRIE and etched for 30 min using a
mixture of C4 F8 (17 sccm), CH4 (13 sccm), and Ar (100 sccm). The substrate generator
had a power of 550 W, and the source generator had a power of 2800 W. A bias voltage
of 185V, and a pressure of 0.85 Pa was used. Remaining photoresist was stripped using
warm AZ300T or a base bath (1M NaOH in 4:1 v/v isopropanol: water). The process
flow is shown in figure 5-4. Through holes were then created in the cover wafer using
laser ablation.

Figure 5-3. CAD designed mask with spiral cha nnel, and alignment markers.
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A

B

C
D
Figure 5-4. Process flow for fabrication of microfluidic channels: photoresist deposition
(A), patterning of photoresist (B), dry etch of fused silica (C), removal of
photoresist layer (D).

5.3 Results and discussion
5.3.1 Wet etched microfluidic channel characteristics
Wet etching of glass occurs isotropically, the material etches faster horizontally
than it does vertically creating an undercut of the hard mask (Figure 5-2F). Often with
wet etched glass materials are undercut and have “v” shaped trenches form (Figure 52G). In order to ensure that only desired sections of the wafer are etched, a hard mask
must be used to protect areas from being etched. Typically, Cr/Au hard masks are used
for wet etching of glass since metal is impervious to HF [6, 7]. However, some problems
are associated with Cr/Au masks such as pinholes and fraying of etched edges due to
poor mask definition [15]. In this case, we utilized a Ni/Au hard mask on the top side of
the wafer in order to obtain a better quality etch since Ni is know to give less pinhole than
Cr [15]. The resulting channel dimensions were 10 µm deep, 40 µm wide at the bottom,
and merged at the top (Figure 5-5). The typical “v” shaped trench was not observed since
only 10 microns was etched. Channels merged because the distance between channels on
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Figure 5-5. Profiler image of wet etched Pyrex wafers.
the CAD mask was not wide enough to compensate for the isotropic etch rate in Pyrex.
Channels also had frayed edges (indicating that the metal masks were flaking off at the
edges) and some pinholes were evident (figure 5-6). Overall, the etch quality was poor,
and thus these channels were deemed unfit for further use.

Figure 5-6. S-turn spiral wet etched into a Pyrex wafer.
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5.3.2 Dry etched microfluidic channel characteristics
Dry etching was investigated because it has the potential to create clean features
with high aspect ratios. Common hard masks for dry etching of glass include metal [1618], bonded Si wafers [19, 20] amorphous Si [21] and polymers [21, 22]. Metal masks
can be difficult to use in some machines due to back-sputtering of metal leading to micromasking, and bonded wafers may be difficult to remove. Thus, masks such as amorphous
Si or photoresist have been investigated due to their compatibility with DRIE machines
and their ease of removal after the final process. While amorphous Si can be useful as a
mask it must be applied via plasma-enhanced chemical vapor deposition.

Creating

uniform layers from batch-to-batch is tricky resulting in difficulties in reproducing etch
processes.
In this work, a thick layer of AZ 4620 photoresist (8.5 microns) was used as a
hard mask for dry etching. The photoresist hard mask could withstand 30-40 minutes of
dry etching. The etch rate of fused silica under these conditions was determined to be 0.5
µm/min. The etched microfluidic channels created in the fused silica wafer were about
15-16 microns deep (figure 5-7). Trenches were nearly rectangular in profile and did not
merge (figure 5-8) as is to be expected with DRIE. In contrast to the wet etched channels
(figure 5-6), the dry etched channels did not have frayed edges and they were not merged
(figure 5-9). Some difficulties associated with this process included optimizing the
lithography process to create thick masks. For example, long baking times and multiple
layers of photoresist maybe required to obtain thicknesses greater tha n 10 microns. Also,
etching procedures could only be accomplished for 30 min at a time when photoresist
was utilized as a hard mask. If etch processes were performed for longer than 30 min,
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then debris from the plasma chamber would fall onto the wafer. Thus, 30 min cycles of
etching had to be following by 20 min of O2 cleaning on a dummy wafer. This
significantly increased the amount of time required to etch wafers compared to wet
etching techniques.

Figure 5-7. Profile (µm) of spiral microfluidic channels in fused silica after 30 min of
DRIE.

20 µm

Figure 5-8. Scanning electron microscopic image of cross-section an etched wafer after
30 min of DRIE (600 ×).
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Figure 5-9. S-turn spiral dry etched into Pyrex wafer.
5.3.3. Fabrication of through holes
Through holes are often needed in microfluidic devices to create a means to get
sample into and out of the system. There are a few options for creating through holes in
glass wafers including deep wet etching, ultrasonic drilling, powder blasting, and laser
ablation. Wet etching and powder blasting can be difficult to repeat. For example, holes
can be too large (due to isotropic etching). Mechanical drilling has the advantage that
hole can be properly aligned, but drill heads are fragile and expensive and the amount of
stress that is put on the wafer can cause it to crack. In some cases laser ablation is useful
because it is fast, but it can be difficult to align and damage occurs about 1mm around the
area where the hole was created. In this work, we utilized laser ablation for its speed and
simplicity. Through holes with a diameter of 400-450 microns were created in the fused
silica wafer using a CO2 laser (figure 5-10). Holes could be easily replicated, but there
was a wide area of damage around the hole.
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Damaged area

Figure 5-10. Through hole in fused silica wafer created via laser ablation.

5.4 Final remarks
In essence, dry etching produced etched channels that were superior to wet etched
channels. Dry etched channels were not merged and did not have frayed edges. Such
characteristics are advantageous for complex channel geometries, bonding steps, and for
coating the inner wall of the channels with a sorbent material. However, dry etching
processes are significantly longer than wet etching processes.

Even though much

remains to be done in preparing a completed microchip-based separation system with in
situ prepared sorbent coatings, this work has outlined the immense potential in utilizing
DRIE to prepare glass microfluidic channels for such a device.
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